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Abstract

This PhD thesis tested the hypothesis that, at broad spatial scales, the patterns and
underlying causes of diversity and population genetic structure of unicellular eukaryotes

(protists) are similar to those observed for multicellular organisms (plants and animals).

To test this hypothesis, this thesis investigated (1) the pattern and causes of
latitudinal diversity in soil testate amoebae (a polyphyletic group mainly represented by
Arcellinida and Euglyphida) along southwestern South America, Chile (from 18 to 56 °S),
Chile; (2) the patterns and causes of altitudinal diversity in several groups of soil protists
(Bacillariophyta, Cercomonadida, Ciliophora, Euglyphida and Kinetoplastida) along an
elevation gradient of beech forests in the Swiss lowlands and Jura Mountains; and (3) the
pattern and causes of population genetic structure in a freshwater eukaryotic microalga

(Chlorophyta: Mamiellophyceae) in the Argentinean Patagonia.

Overall, the analyses revealed that at broad spatial scales, protists have patterns of
latitudinal diversity, altitudinal diversity and population genetic structure similar to those of
multicellular organisms. In addition, the evidence revealed that these patterns are
originated and maintained by a combination of ecological, historical and evolutionary
processes. Therefore, this thesis supported the hypothesis that the patterns and causes
that produce and maintain the diversity of plants and animals at different ecological levels
of organization could also be valid for microorganisms. The model organisms used in this
thesis are also good representatives of the diversity of trophic, morphological, locomotive,
physiological and probably reproductive strategies exhibited by protists. Consequently, the

results of this thesis could be valid for a large number of eukaryotic microorganisms.

Key words: beta diversity, biogeography, community assembly, eukaryotic microorganism,
landscape genetics, macroecology, niche-based processes, phylogenetic niche

conservatism






Résumé

Cette thése de doctorat a permis de tester I'hypothése qu’a large échelle spatiale, les
patrons observés et les causes qui influencent la diversité et la structure génétique des
populations d’eucaryotes unicellulaires (protistes) sont similaires a ceux observées chez

des organismes multicellulaires (plantes et animaux).

Afin de tester cette hypothése, cette thése s’est penchée sur (1) les patrons
observés et les causes qui influencent la diversité des amibes a théque (un groupe
polyphylétique principalement représenté par les Euglyphida et Arcellinida) le long d’un
gradient latitudinal a travers le Chili (de 18 a 56 °S); (2) les patrons observés et les causes
qui influencent la diversité de différents groupes de protistes du sol (Bacillariophyta,
Cercomonadida, Ciliophora, Euglyphida et Kinetoplastida) en fonction de Il'altitude dans
des foréts de hétre dans le Plateau Suisse et le Jura; et (3) les patrons observés et les
causes qui influencent la structure génétique des populations d’une micro-algue d’eau

douce (Chlorophyta: Mamiellophyceae) dans la Patagonie Argentine.

Globalement, les analyses ont montré qu’a large échelle spatiale, les protistes ont
des patrons de diversité latitudinale et altitudinale, ainsi qu’une structuration génétique
semblable a ceux que I'on retrouve chez des organismes multicellulaires. De plus, les
résultats montrent que ces patrons sont créés et maintenus par une combinaison de
processus écologiques, historiques et évolutifs. Cette thése a donc renforcé I'hypothése
qui considére que les patrons observés et les causes qui maintiennent la diversité des
plantes et des animaux a différeents niveaux écologiques d’organisation sont aussi
effectifs chez les microorganismes. Les organismes modéles choisis dans cette thése
peuvent étre considérés comme représentatifs de la diversité de stratégies trophiques, de
morphologies, modes de locomotion ainsi que de la variété de physiologies et
probablement aussi de modes de reproduction que I'on rencontre chez les protistes. Par
conséquent, les résultats de cette thése peuvent étre considérés comme valides chez un

grand nombre d’eucaryotes microscopiques.

Mots clés : diversité beta, biogéographie, assemblage de communautés, microorganisme
eucaryote, génétique a I'échelle du paysage, macroécologie, processus basés sur la niche

écologique, conservation phylogénétique de la niche
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Chapter 1: Introduction



Introduction

Currently, there is growing appreciation for the idea that the patterns of diversity and
population genetic structure in multicellular organisms (e.g. plants and animals) result from
a combination of ecological (e.g. abiotic factors, biotic interactions), historical (e.g. climatic
stability) and evolutionary (spatial variation in diversification rates) processes, which
together influence the spatial variation in speciation, extinction and dispersal rates (Wiens
and Donoghue, 2004; Mittelbach et al., 2007; Barret et al., 2008). Although not equivalent,
historical and evolutionary processes highlight the role that long-term dynamics play on the
formation of biodiversity patterns of multicellular organisms. Accordingly, they are often
jointly referred to as long-term processes (Mittelbach et al., 2007; Rivadeneira et al.,
2011).

While the patterns and causes that originate and maintain multicellular diversity on
Earth are becoming better understood, it is still not clear whether single-celled organisms
(i.e. microorganisms) also exhibit patterns of diversity and population genetic structure;
and if so, whether these patterns are produced and maintained by the same processes
proposed for multicellular organisms. This represents a serious gap in knowledge given
that microorganisms are the most diverse and abundant organisms on Earth (Whitman et
al., 1998; Lopez-Garcia et al., 2001; Chao et al., 2006; de Vargas et al., 2015) and play

pivotal roles in biogeochemical cycles (Adl and Gupta, 2006; Massana, 2011).

The patterns and causes of diversity and population genetic structure have been
historically less explored in microorganisms simply because they are difficult to study.
Except for a few cases (e.g. the bacterium Thiomargarita namibiensis with cells up to 0.75
mm in diameter; Schulz et al., 1999; or the foraminiferan Heterostegina depressa with a
shell up to 3-5 mm in diameter; Hallock, 1985) they can only be observed under the
microscope. Even if a microscope is used, there is little chance of detecting all microbial
taxa present in a sample because many are in a dormant (cystic) stage waiting for optimal
conditions to become active (Foissner, 1991, 1997; Weisse, 2008). Also, identifying and
counting microorganisms is time-consuming and requires well trained taxonomists
(Foissner and Hawksworth, 2009). These difficulties have limited the study of microbial
diversity, resulting in much speculation and discussion about the patterns and processes
that originate and maintain their diversity at different levels of organization. For instance, it

has been hypothesized that microorganisms do not have biogeography and population
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genetic structure because their tiny size might facilitate their passive dispersal from and to
all regions of the planet via different vectors, such as wind, marine currents, migratory

animals and humans (Finlay, 2002; Fenchel and Finlay, 2004).

Over the last decade, there has been much interest in explicitly testing this
hypothesis. This trend has been stimulated by the increasing availability of exhaustive
microbial species checklists from different regions of the planet and the development and
application of DNA-based methods, such as lllumina. Exhaustive species checklists often
are constructed from data gathered during several years and therefore provide a
comprehensive record of the species present in a region (e.g. Dolan et al., 2006, Azovsky
and Mazei, 2013, Ostoji¢ et al., 2014; Fernandez et al., 2015). Likewise, lllumina-based
technologies facilitate the retrieval of hundreds of thousands of microbial barcodes per
sample, allowing a comprehensive analysis of diversity and composition of natural
microbial communities and populations (Lepére et al., 2013; Logares et al., 2014; de
Vargas et al., 2015; Mahé et al., 2016; Schiaffino et al., 2016; Singer et al., 2016).
Therefore, both exhaustive microbial species checklists and DNA-based methods
nowadays allow a much more robust analysis of the patterns and causes of microbial

diversity at broad-spatial scales.

Although some studies have found support for the hypothesis that microorganisms
do not have biogeography (Finlay and Fenchel, 1999, 2004) or population genetic
structure (Evans et al., 2005; Slapeta et al., 2006; Casteleyn et al., 2010; Van Gremberghe
et al., 2011), a growing body of evidence support the idea that most microorganisms do
have predictable patterns of diversity that mirror those of multicellular organisms, including
latitudinal gradients in diversity (Hewson and Fuhrman, 2004; Fuhrman et al., 2008; Lacap
et al., 2011; Bates et al., 2013; Fernandez et al., 2016; Lara et al., 2016; Schiaffino et al.,
2016), altitudinal gradients in diversity (Bryant et al., 2008; Heger et al., 2015; Wang et al.,
2016) and population genetic structure (Kim et al., 2004; Rynearson and Armbrust, 2004;
Nagai et al., 2007; Logares et al., 2009; Godhe and Harnstrém, 2010; Harnstrém et al.,
2011; Sjoqvistet et al., 2015).

While this recent research has contributed to better understand the spatial patterns
of microbial diversity at different levels of ecological organization (communities,
population), we do not know yet whether their findings are valid for all single-celled
organisms in the planet. Most research has been focused on the Holarctic region, whereas

other regions of the planet remain comparatively poorly explored (Fenchel and Finlay,
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2003; Mitchell and Meisterfeld, 2005). Also, most research on microbial diversity has been
conducted on prokaryotic or aquatic microbial taxa, while free-living soil eukaryotic
microorganisms (i.e. soil protists) have been less-studied (Foissner, 1999; Chao et al.,
2006; Bates et al., 2013; Fernandez et al., 2016; Fournier et al., 2016; Lara et al., 2016).
Presumably, this trend is driven by the smaller size of the global scientific community
specialized in the study of soil protists. Finally, most research invokes ecological
mechanisms to explain the occurrence of spatial patterns of microbial diversity at different
levels of ecological organization (i.e. mostly assessing correlations between present-day
environmental factors and diversity), neglecting the potential role played by long-term
processes in shaping microbial diversity. Together, all these facts have prevented the
construction of universal patterns and causes to explain microbial diversity at broad-spatial
scales (Martiny et al., 2006). Accordingly, it is also not known to what extent microbial
diversity conforms to the ecological principles proposed for plants and animals. Such gaps
in knowledge defeat one of the major principles of ecology, namely “the construction of

generalizations for all living entities” (Wilson et al., 2007).

From the above, it follows that it is urgent (1) to re-evaluate the spatial patterns of
diversity and population genetic structure in protists, particularly in historically sub-sampled
regions; (2) to investigate the ecological and long-term causes that underlie these
patterns; and (3) to determine whether the patterns and causes that originate and maintain

microbial diversity mirror those of multicellular organisms.

This PhD thesis tested the hypothesis that, at broad spatial scales, the patterns
and causes of diversity and population genetic structure in protists are similar to those
observed for multicellular organisms. To evaluate this hypothesis, this thesis adopted an
interdisciplinary approach, including biogeographical, macroecological and landscape

genetics methods.

This thesis consisted of four main studies. The first study (Chapter 2) aimed to give
an updated and comprehensive checklist of soil testate amoeba species from Chile, a
country stretching over an under-sampled region in terms of microbial diversity. This goal
was achieved by bringing together more than 170 years of published and unpublished data
on soil testate amoebae from this country. Another goal of this chapter was to use this
information to conduct descriptive biogeography and propose possible causes underlying

soil testate amoeba geographic distribution.



The second study (Chapter 3) aimed to explicitly test the ecological and long-term
causes driving the latitudinal gradient of soil testate amoeba diversity in Chile. This goal
was achieved using a combination of biogeographical and macroecological approaches

and the species checklist generated in the previous chapter as input data.

The third study (Chapter 4) aimed to study the patterns and causes of diversity in
several soil protist groups (i.e. Bacillariophyta, Cercomonadida, Ciliophora, Euglyphida
and Kinetoplastida) along an elevational gradient of beech forests in Switzerland. This goal
was also achieved using a combination of biogeographical and macroecological
approaches. However, this time, protist diversity data was obtained using a next-

generation DNA sequencing approach.

Finally, the fourth study (Chapter 5) aimed to assess the pattern and causes of
population genetic structure and differentiation in a eukaryotic freshwater microalga that
inhabits lakes of the Argentinean Patagonia, another under-sampled region of the planet in
terms of microbial diversity. This goal was achieved using landscape genetic approaches
and a DNA barcoding approach to record the occurrence of this aquatic protist in each

lake.
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Appendix to “Checklist, diversity and distribution of testate amoebae in
Chile”
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Fernandez L.D., Lara E., Mitchell E.A.D., Checklist, diversity and distribution of
testate amoebae in Chile. Eur. J. Protist. (2015),
http://dx.doi.org/10.1016/j.ejop.2015.07.001

SUPPORTING INFORMATION

Fig. S1 A Mallin from south-central Chile dominated by native wetland plants and
trees. This picture was taken in summer 2008. In this region the annual
precipitation is ca. 4000 mm per year and therefore, this habitat can be completely

flooded during winter. Photo credits: L.D. Fernandez.

32



Fernandez L.D., Lara E., Mitchell E.A.D., Checklist, diversity and distribution of
testate amoebae in Chile. Eur. J. Protist. (2015),
http://dx.doi.org/10.1016/j.ejop.2015.07.001

SUPPORTING INFORMATION

Table S1 Physicochemical differences between a Mallin and a peatland (modified
from Roig and Roig 2004).

Mallin Peatland
Soil type Mineral soil (Mollisol) Organic soil (Histosol)
Organic matter (%) < 20-35 > 20-35
Organic carbon (%) <12-20 >12-20
pH Neutral Acid
Apparent density High Low
Porosity (%) Low (45-55) High (80)
Hydraulic conductivity = High except clays Low to High
Field capacity Low High
Available nutrients Usually high Usually low
Cation exchange Lower dominated by major cations High, dominated by
capacity hydrogen ions
Typical vegetation Acaena, Azorella, Festuca Carex, Astelia, Donatia, Sphagnum
Juncus
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Appendix S1 Plants and animals exhibiting a unimodal diversity gradient in the
study site.

Table S1 Animals and plants with a unimodal diversity gradient in Southwestern

South America.

Taxa References

Vascular and non-vascular plants (trees, Villagran & Hinojosa (1997, 2005); Bannister et al.

shrubs, vines, mosses, ferns, lycophytes) (2012); Segovia et al. (2013); Parra et al. (2015)

Marine nematodes Lee & Riveros (2012)

Insects (Diptera, Ephemeroptera, Léwenberg-Neto et al. (2008); Samaniego & Marquet
Lepidoptera, Plecoptera, Trichoptera) (2009); Palma (2013)

Freshwater mollusks (gastropods and Valdovinos (2006a); Fuentealba et al. (2010)
bivalves)

Freshwater crustaceans Valdovinos (2006b)

Polychaetes Hernandez et al. (2005); Moreno et al. (2006, 2008)
Fishes (intertidal and subtidal fishes) Navarrete et al. (2014)

Birds Vilina & Cofré (2006)

Mammals Cofré & Vilina (2006); Samaniego & Marquet (2009)
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Appendix S2 Additional data and analyses used to support the predictions of this study.

Statistical procedure and data used to conduct a coverage-based rarefaction-

extrapolation procedure

A coverage-based rarefaction-extrapolation procedure (Chao et al., 2014) was conducted
for each 1° latitudinal band to assess whether the latitudinal diversity gradient observed
would appear after accounting for sampling bias. This method computes integrated curves
based on sampling theory that smoothly link rarefaction and extrapolation. These curves
estimate species richness based on a standardized measure of sampling completeness,
allowing a less biased comparison of richness datasets. By contrast, traditional rarefaction
and extrapolation approaches compare richness data of a set of communities of equal
size, which systematically biases the degree of differences between community richnesses
(Chao et al.,, 2014). This method requires information on both the number of samples
collected at each 1° latitudinal band and the incidence (presence or absence) of each
species in each sampling unit (i.e. also known as sample-based incidence data). This
information was obtained from Fernandez et al. (2015), a study providing a comprehensive
checklist as well as updated taxonomic, ecological and distributional information for all
testate amoeba taxa that have been recorded in Southwestern South America, since 1843
to 2014. The information included in that study was gathered from different sources
including literature, private and academic collections, and field expeditions conducted by

the first author of the present study all over the study site between 2007 and 2014. Given
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that the information required by the species estimator was rarely available from all the
sources (i.e. number of samples per latitudinal band plus sample-based incidence data);
we based our analysis only on the samples collected in field expeditions by the first author
(n=6710 samples). These samples were chosen because they were collected and treated
by the same person under standardized methods and thus, we have a known number of
samples per latitudinal band and species incidences per sample unit. These samples were
taken at different altitudes, including sites located at sea level and in the Andes, as well as
all major terrestrial biomes on the study site such as the Atacama Desert, grasslands and
the temperate rain forest among others. A sample was defined as a unique portion of 10-
cm® of soil, moss or litter collected in 1° latitudinal band, while the total number of samples
collected within each 1° latitudinal band was referred to as the ‘reference sample’.
Reference samples were used to compute for each latitudinal band a species richness
estimate up to the larger reference sample (Latitude 42° S, Reference sample = 858
samples) following Chao et al. (2014). The table summarising the information used to
compute diversity estimates is shown below in the form of a sample-by-species incidence
matrix for each 1° latitudinal band following Colwell et al. (2012), where ‘7" is the incidence
of a given species in each sampling unit (Table S1). For example, in the latitude 18° S, an
‘I’ value of 158 means that the species 1 was found in 158 of 215 samples. Detailed
information on the species recorded at each 1° latitudinal band is given in Fernandez et al.
(2015).

Table S1 Sample-by-species incidence matrix for each 1° latitudinal band used to conduct

a coverage-based rarefaction and extrapolation procedure.

Latitude 18° S, Reference sample = 215, Species observed = 6

i =158-68-32-21-5-1

Latitude 19° S, Reference sample = 100, Species observed = 5

i=91-51-28-22-1

Latitude 20° S, Reference sample = 105, Species observed = 6

i=81-77-65-65-21-5

Latitude 21° S, Reference sample = 48, Species observed = 8

i=39-31-25-15-12-8-2-1

Latitude 22° S, Reference sample = 42, Species observed = 8

i =40-35-25-22-19-12-1-1

Latitude 23° S, Reference sample = 85, Species observed = 8

i = 81-75-66-52-33-13-12-2
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Latitude 24° S, Reference sample = 123, Species observed = 10

i =101-75-63-58-46-33-25-5-3-1

Latitude 25° S, Reference sample = 78, Species observed = 10

i =72-62-48-25-23-12-7-5-4-1

Latitude 26° S, Reference sample = 250, Species observed = 9

i =210-101-88-56-35-18-12-4-1

Latitude 27° S, Reference sample = 300, Species observed = 12

i = 82-62-58-35-29-15-12-8-3-2-2-1

Latitude 28° S, Reference sample = 66, Species observed = 12

i = 41-38-33-25-21-18-18-6-6-5-4-1

Latitude 29° S, Reference sample = 29, Species observed = 13

i = 38-19-18-14-13-12-9-9-8-6-5-2-1

Latitude 30° S, Reference sample = 120, Species observed = 25

i = 98-84-65-63-58-45-35-34-27-25-13-12-12-10-8-7-6-6-5-3-2-1-1-1-1

Latitude 31° S, Reference sample = 88, Species observed = 27

i = 68-63-61-52-51-45-42-32-25-24-18-15-15-13-12-9-8-6-4-4-3-2-1-1-1-1-1

Latitude 32° S, Reference sample = 210, Species observed = 26

i = 98-81-66-52-51-45-43-42-37-33-32-31-28-21-19-19-18-17-15-12-6-5-5-3-2-1

Latitude 33° S, Reference sample = 62, Species observed = 31

i = 51-33-32-32-31-26-25-25-21-19-19-19-18-17-17-16-16-15-13-12-9-6-6-5-5-5-3-3-2-1-1

Latitude 34° S, Reference sample = 91, Species observed = 26

i = 81-77-41-36-25-25-23-22-21-21-21-20-19-16-15-14-14-14-13-12-12-12-11-11-10-1

Latitude 35° S, Reference sample = 198, Species observed = 26

i =100-98-67-55-51-41-18-18-17-14-14-14-13-13-13-12-12-12-11-9-5-4-3-2-1-1

Latitude 36° S, Reference sample = 62, Species observed = 45

i = 52-51-33-32-32-32-28-26-25-24-23-21-20-19-18-17-16-16-15-15-15-15-14-12-12-11-10-9-9-9-8-8-8-7-6-5-5-5-4-3-2-1-
1-1-1

Latitude 37° S, Reference sample = 120, Species observed = 39

i = 91-85-78-66-52-42-38-37-32-26-25-25-24-24-22-22-21-20-19-16-15-9-9-8-7-6-5-5-5-4-3-2-2-2-1-1-1-1-1

Latitude 38° S, Reference sample = 65, Species observed = 32

i = 55-41-41-39-36-35-26-25-25-17-16-16-15-15-15-13-12-12-11-10-10-9-9-8-8-7-6-5-5-1-1-1

Latitude 39° S, Reference sample = 86, Species observed = 65

i = 81-65-64-63-62-55-55-55-41-41-41-33-32-30-28-28-25-25-19-19-18-16-16-15-15-15-15-14-13-12-12-11-11-10-10-10-9-
9-9-8-7-7-7-6-6-5-5-5-5-5-4-4-4-3-2-2-2-1-1-1-1-1-1-1-1

Latitude 40° S, Reference sample = 110, Species observed = 81

i = 98-88-77-76-71-66-65-64-62-56-55-55-52-51-50-48-42-38-36-32-31-25-23-18-17-17-17-16-16-16-16-15-15-15-15-15-
15-14-13-13-13-12-12-12-12-11-11-11-11-10-10-10-10-9-9-9-9-9-8-8-7-7-6-6-6-6-6-6-5-5-5-5-4-4-4-3-2-1-1-1-1

Latitude 41° S, Reference sample = 258, Species observed = 73

i = 201-110-99-91-81-75-71-71-69-68-66-65-55-55-52-51-38-36-33-32-31-29-25-25-23-22-21-19-18-18-17-15-15-14-9-9-9-
8-8-8-8-8-8-7-7-7-7-6-6-6-6-6-6-5-5-5-5-5-5-4-4-3-3-2-2-2-1-1-1-1-1-1-1

Latitude 42° S, Reference sample = 858, Species observed = 83

i = 326-225-189-145-87-84-81-74-71-69-69-66-66-65-63-62-60-59-59-58-58-55-51-48-46-41-38-34-32-28-27-27-26-26-26-
26-26-26-26-26-25-25-25-25-25-25-25-24-24-24-24-23-23-22-21-21-20-14-10-9-9-8-8-8-7-7-7-7-6-5-5-4-1-1-1-1-1-1-1-1-1-
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Latitude 43° S, Reference sample = 432, Species observed = 94

i = 325-220-155-145-113-101-99-89-81-77-74-66-65-65-63-62-61-57-54-52-52-45-42-41-29-28-27-27-26-23-21-20-19-18-
18-18-18-18-18-17-17-17-15-15-15-15-15-14-14-13-13-12-12-11-11-10-10-9-9-9-9-8-7-7-7-6-5-5-5-5-5-4-4-2-1-1-1-1-1-1-
1-1-1-1-1-1-1-1-1-1-1-1-1-1

Latitude 44° S, Reference sample = 125, Species observed = 74

i = 99-80-78-65-65-58-56-45-42-41-15-15-15-14-14-14-14-13-12-12-11-11-11-11-10-10-10-10-10-10-10-10-10-9-9-9-9-9-0-
8-8-7-7-7-6-6-6-6-5-5-5-5-5-5-5-4-4-4-4-3-2-2-2-2-2-2-1-1-1-1-1-1-1-1

Latitude 45° S, Reference sample = 235, Species observed = 32

i =225-201-100-91-90-84-78-63-63-59-58-56-56-41-15-15-15-15-14-14-13-13-13-12-12-12-5-1-1-1-1-1

Latitude 46° S, Reference sample = 528, Species observed = 42

i = 352-91-91-90-90-86-74-68-68-67-67-65-61-58-56-56-55-55-54-9-8-8-8-7-7-6-6-6-5-5-5-4-3-2-1-1-1-1-1-1-1-1

Latitude 47° S, Reference sample = 351, Species observed = 53

i = 301-220-201-94-91-89-78-71-67-66-66-66-66-66-65-56-54-51-49-46-45-45-42-41-38-28-25-25-9-8-8-8-8-8-8-7-6-6-5-5-
5-5-4-4-3-2-1-1-1-1-1-1-1

Latitude 48° S, Reference sample = 291, Species observed = 45

i = 123-99-87-66-65-42-41-40-36-35-29-28-27-26-26-26-26-25-25-12-11-11-10-10-9-9-9-7-7-6-6-5-5-4-2-2-2-1-1-1-1-1-1-1-
1

Latitude 49° S, Reference sample = 92, Species observed = 39

i = 69-66-64-60-56-56-45-41-36-35-32-16-15-15-15-12-12-12-11-10-10-9-9-9-8-8-7-6-5-5-5-4-2-1-1-1-1-1-1

Latitude 50° S, Reference sample = 30, Species observed = 25

i = 25-20-15-12-12-12-10-10-9-9-9-8-8-7-7-6-6-5-5-5-5-4-3-1-1

Latitude 51° S, Reference sample = 55, Species observed = 39

i = 41-39-33-32-28-28-27-27-26-26-26-26-25-25-19-17-17-15-14-14-12-11-10-10-9-8-7-6-6-6-6-5-5-2-2-1-1-1-1

Latitude 52° S, Reference sample = 41, Species observed = 45

i = 26-25-23-21-18-16-15-15-15-12-12-11-10-10-10-10-9-9-9-8-8-8-7-7-7-6-6-6-6-6-6-6-5-5-5-5-5-5-2-1-1-1-1-1-1

Latitude 53° S, Reference sample = 58, Species observed = 38

i = 52-45-26-25-19-18-17-17-15-15-14-14-10-10-9-9-9-9-8-8-8-7-6-6-6-6-5-3-3-3-2-2-1-1-1-1-1-1

Latitude 54° S, Reference sample = 65, Species observed = 16

i = 51-48-24-23-15-12-9-7-7-6-6-5-5-2-1-1

Latitude 55° S, Reference sample = 356, Species observed = 25

i = 206-202-108-87-85-84-61-15-13-12-12-11-10-10-9-8-8-7-6-5-2-1-1-1-1

Latitude 56° S, Reference sample = 282, Species observed = 35

i = 166-155-155-144-125-81-66-52-52-45-41-31-25-25-17-14-14-14-12-11-11-10-9-9-9-9-8-7-6-5-5-5-3-1-1
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Statistical procedure followed to calculate the variables composing the models of

the ecological hypotheses tested in this study

To assess the effects of present-day spatial and environmental factors in shaping the
latitudinal gradient of soil testate amoebae in southwestern South America, we selected
seventeen classical explanatory variables to construct both univariate and multivariate
candidate models per each of the eight ecological hypotheses under test. All variables
(excepting mid-domain values which were directly calculated with a specific program) were
re-sampled from different sources (see below), using a resolution of 1° x 1°. This
procedure generated 1° x 1° cells within each 1° latitudinal band (i.e. latitudinal 1° x 1°
cells) with information for each of the seventeen variables. The information contained
within the latitudinal 1° x 1° cells was then averaged to get an overall value per each 1°
latitudinal band. The re-sampling procedure and arithmetic mean calculations were
performed using ArcGIS 10.2 (ESRI, 2014). Note that some of the variables described
below were not used to construct the explanatory models showed in the main body of the
manuscript because, according to an AlC-based stepwise selection procedure, they were

non-significant in driving testate amoeba diversity patterns.

The hypotheses and their associated variables were:

1) Species—energy: We tested this hypothesis using ultraviolet radiation B (UV-B),
potential evapotranspiration (PET), and annual mean temperature (AMT). UV-B is
available at Beckmann et al. (2014), PET (1950-2000) at http://www.csi.cgiar.org
(Trabucco & Zomer, 2009), and AMT at http://www.worldclim.org/ (Hijmans et al.,
2005).

2) Water availability: We tested this hypothesis using water deficit (WD), annual
precipitation (AP) and precipitation of the wettest month (PWM) as measures of water
availability. WD, AP and PWM are available at http://www.worldclim.org/ (Hijmans et al.,
2005).
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3) Water—energy balance: We tested this hypothesis using actual evapotranspiration
(AET), a common surrogate of the joint availability of water and energy in the
environment (Hawkins & Porter, 2003; Rodriguez et al., 2005). AET is available at

http://www.cgiar-csi.org/data/global-high-resolution-soil-water-balance ~ (Trabucco &

Zomer, 2010). This dataset provides high-resolution global raster climate data related to

evapotranspiration processes and rainfall deficit for potential vegetative growth.

4) Productivity: We used two metrics as indicators of the rate at which plants produce
useful chemical energy, including net primary productivity (NPP), and the normalized
difference vegetation index (NDVI). The NPP represents the net amount of solar energy
converted to plant organic matter through photosynthesis. The higher the higher the
vegetation cover, the higher the NPP. The NDVI represents the aggregate of greenness
over the year period and thus is often chosen as the standard proxy for annual biomass
productivity. The NDVI is translated to net primary productivity (NPP) by correlation with
MODIS data to provide a measure of land degradation and improvement open to
economic analysis. Therefore, the NDVI is a measure of photosynthetically active green
biomass. The higher the NDVI score, the more living green biomass (natural vegetation
and crops if any) can be found. NPP data are available at
http://sedac.ciesin.columbia.edu/data/collection/hanpp (Imhoff et al., 2004). Data on
NDVI (1981-2003) are available at the Food and Agriculture Organization (FAO) of the
United Nations (2008), http://www.fao.org/geonetwork/srv/en/metadata.show?id=37060.

5) Habitat heterogeneity: SSA exhibits several terrestrial habitats and two mountains
chains (i.e. the Andes Range and the Coastal Range) that run all along its length.
Therefore, we used values generated from the topographic position index (TPI), the
habitat diversity index (HDI) and the average elevation (EL) to account for the
environmental heterogeneity of this region. The TPI is an algorithm increasingly used to
measure topographic slope positions and to automate landform classifications. Data on
TPl were extracted from the GLC 2000 (Bartolomé & Belward, 2005) available at

http://www.gvm.jrc.it/glc2000. The HDI represents the diversity of vegetation structure

within each 1° latitudinal band using a modified version of the Shannon-Weiner diversity
index (for further details, please refer to the study of Sanciangco et al., 2013). Finally,
the EL represents the average elevation per each 1° latitudinal band calculated with
ArcGIS 10.2 (ESRI, 2014). The TPI, the HDI and the EL were calculated using Land
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Facet Corridor Designer in ArcGIS (Jenness et al., 2011) and a digital elevation model
(DEM) based on the HydroSHEDS database (Lehner et al., 2008).

6) Climatic variability: We used precipitation seasonality (PS), temperature seasonality
(TS), and Isothermality (ISO) to test whether climatically less variable areas supports
more testate amoeba species diversity. PS, TS and ISO are available at

http://www.worldclim.org/ (Hijmans et al., 2005).

7) Species—area: We used the average area of each 1° latitudinal band to assess this
hypothesis in SSA. Area values were calculated using the module XTools Pro 8

implemented in ArcGIS.

8) Mid—domain effect (MDE): To examine whether testate amoeba species distributions
depend just on hard limits (i.e. boundary constraints) imposed by the physical limits of
southwestern South America (i.e. the domain); we used the Monte Carlo simulation
program, Mid—Domain Null (McCain, 2004). This program simulates species-richness
curves based on empirical range sizes or range midpoints within a bounded domain
based on the analytical-stochastic models of Colwell & Hurtt (1994). The program is
designed to sample with and/or without replacement from the empirical data. When
sampling without replacement, the empirical values for range size or midpoints in the
simulation are constrained to actual empirical species distributions. Instead, sampling
with replacement allows a set of species to be ‘created’, which can be quite different
from the original species complement. Sampling without replacement is a
randomization technique, whereas sampling with replacement is a bootstrap method
(see McCain, 2004 and references cited therein). Here, the observed species richness
for each 1° latitudinal band was compared with null-model predictions using 50000
Monte Carlo simulations sampled without replacement from empirical range sizes, to
calculate the amplitude of the 95% confidence simulation prediction curves. A high fit
between the empirical and predicted curves of species richness is considered as
evidence of MDE. Please, see McCain (2004) for a detailed explanation on advantages

and disadvantages of sampling with or without replacement.
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Principal component analysis

We performed a principal component analysis (PCA) of species distribution data with fitted
environmental variables in order to show an additional and independent line of evidence

supporting the second prediction of this study (Fig. S1 and Table S2).

Fig S1 Simplified ordination triplot. Species are represented by red arrows, environmental
variables by blue arrows and sites by black dots. Species distribution data were Hellinger-
transformed and environmental variables were scaled ([0,1]) prior to analysis. Species
distributions were first analysed using a PCA. Environmental variables were then fitted
using the function envfit of the R package vegan (Oksanen et al., 2012). The percentage
of variance explained by axes 1 and 2 is shown in brackets. Species with a low
contribution to axes 1 or 2 (i.e. located close to the origin) were removed to improve the
readability of the figure.
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Table S2 Ordination summary statistics. Environmental variables goodness of fit (shown
as uncorrected r-squared coefficients) and associated p-values obtained through

permutation test.

R? P-value
E1 0.944 0.001
W1 0.937 0.001
WE1 0.888 0.001
E2 0.852 0.001
P1 0.743 0.001
HH3 0.726 0.001
Cv3 0.721 0.001
W3 0.683 0.001
P2 0.681 0.001
W2 0.665 0.001
Mid 0.665 0.001
Area 0.551 0.001
CVv1 0.473 0.001
HH2 0.246 0.004
Cv2 0.197 0.018
E3 0.089 0.191
HH1 0.083 0.216
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Chapter 4: Elevational diversity patterns in free-living soil unicellular
eukaryotes are driven by evolutionary constraints to water and energy
availability
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Abstract

Modern soil protists likely evolved under the tropical-like climate that characterized much
of the Mesozoic. This fact, coupled with the high diversity and performance that they
exhibit in terrestrial warm-humid biomes, suggests that the need for mild temperatures and
high humidity is a phylogenetically conserved trait in these microorganisms. Herein, we
hypothesized that the strength of this conservatism drives the distribution of soil protist
diversity by imposing ecophysiological constraints that limit their capacity to colonize cold
sites. To test this hypothesis, we investigated the patterns of elevational variation in
diversity, energy-diversity relationship, geographical range sizes and phylogenetic
structure in Bacillariophyta, Cercomonadida, Ciliophora, Euglyphida and Kinetoplastida in
the Swiss Jura Mountains. All protists exhibited a decline in diversity and an increase in
the size of their geographical ranges towards higher and colder elevations. Except for
Bacillariophyta, all protist communities were composed of phylogenetically closely related
taxa. Finally, phylogenetic structure among communities (phylobetadiversity) was
promoted by high levels of turnover. These results suggest that these soil protists lack the

necessary ecophysiological adaptations to survive in exceedingly cold environments.
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Probably, the retention of their ancestral adaptation to tropical-like conditions imposes
strong constraints on their ability to colonize sites with cold abiotic conditions and drives

their current spatial patterns in diversity.

Keywords: biogeography, community composition; elevational diversity gradient; high-

throughput sequencing; Rapoport effect, soil protists.

Introduction

One of the most conspicuous and best documented spatial patterns of biodiversity is the
elevational diversity gradient, which typically describes the variation in species richness
along mountainsides (Gaston and Blackburn, 2000). The elevational diversity pattern may
exhibit different shapes depending on the scale, taxon studied and local climatic condition
to which the mountainside is subjected (Grytnes and McCain, 2007). Most elevational
diversity gradients can be broadly classified as decreasing (richness peaks at low
elevations), unimodal (richness peaks at mid-elevations) and low plateau with a mid-peak
(LPMP, richness peaks a low-mid elevations) (Rahbek, 1995; McCain, 2009, 2010). Less
often, species richness varies without following any obvious trend with elevation (Grytnes
et al., 2006; McCain, 2009; Taylor et al., 2015).

Recently, there has been growing appreciation for the idea that spatial patterns of
biodiversity (i.e. biogeographical patterns), such as the elevational diversity gradient, result
from a combination of ecological (e.g. niche-based processes), historical (e.g. climatic
stability) and evolutionary (e.g. spatial variation in diversification rates) processes, which
together influence spatial variation in speciation, extinction and dispersal rates (Wiens and
Donoghue, 2004; Mittelbach et al., 2007). Although not equivalent, historical and
evolutionary processes highlight the role that long-term dynamics play on the formation of
biodiversity patterns. Therefore, they are often jointly referred to as long-term processes
(Rivadeneira et al., 2008; Hortal et al., 2011).
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One holistic, parsimonious and growingly accepted hypothesis that integrates
ecological and long-term processes to explain biodiversity patterns is the phylogenetic
niche conservatism hypothesis. This hypothesis proposes that taxa tend to retain their
ecophysiological traits over evolutionary time, and that this trend underlies the biodiversity
patterns that we observe today in nature (Wiens and Donoghue, 2004; Wiens et al., 2010).
This hypothesis offers several testable predictions that, together, can shed light on the
relative role played by ecological and long-term processes in shaping biodiversity patterns
(Wiens et al., 2010; Hortal et al., 2011). Several of these predictions are actually derived
from biogeographical hypotheses that once were independently proposed to explain
biodiversity patterns, and that nowadays, can be linked under the context of the
phylogenetic niche conservatism hypothesis. Considering that most modern groups and
species originated during the time when the planet was predominately under tropical
environments (Behrensmeyer et al.,, 1992; Graham, 1999), the most basic prediction that
the phylogenetic niche conservatism makes is that species richness of current taxa will be
higher in sites with the warmest and wettest conditions, because these sites exhibit the
environmental conditions in which they originated (Wiens and Donoghue, 2004). This and

other predictions are summarized in Table 1 under the context of elevational gradients

These predictions have been extensively tested in plants and animals, proving
useful to assess the relative role that ecological and long-term processes play in shaping
their biodiversity patterns along different spatial gradients, including elevational gradients
(Hawkins et al., 2006; McCain, 2009; Hortal et al., 2011; Qian et al., 2013). By contrast,
these predictions are just starting to be investigated in unicellular organisms, including
bacteria (Bryant et al., 2008) and testate amoebae (Fernandez et al., 2016); and therefore,
many of the biogeographical generalizations that have been proposed for plants and
animals have not yet been tested in microorganisms. Accordingly, it is still not clear
whether biogeographical patterns in microbial diversity are produced and maintained by
the same processes proposed for plants and animals. This is a serious gap in knowledge
since microorganisms are nowadays considered as the most diverse and abundant
organisms on Earth (Whitman et al., 1998; Chao et al., 2006; de Vargas et al., 2015) and
play pivotal roles in biogeochemical cycles of all ecosystems (Adl and Gupta, 2006;
Massana, 2011).

In recent years, several studies have contributed to improve our understanding on

the patterns and mechanisms that drive microbial diversity at broad spatial scales (e.g.,
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Bryant et al., 2008; Fernandez et al., 2016; Fournier et al., 2016; Lara et al., 2016;
Schiaffino et al., 2016; Wang et al., 2016). This trend has been partially driven by the
development and application of DNA-based methods, such as high-throughput sequencing
techniques (e.g. lllumina-based technologies), which allow the retrieval of hundreds of
thousands microbial barcodes per sample and comprehensive analysis of diversity and
composition of microbial communities in the environment (Lepére et al., 2013; Logares et
al., 2014; de Vargas et al., 2015; Singer et al., 2016). However, most research on
microbial diversity has been conducted on prokaryotes or on aquatic microbial eukaryotes,
while free-living soil eukaryotic microorganisms, with the exception of fungi (soil protists for
short) remained comparatively poorly studied (Foissner, 1999; Chao et al., 2006; Bates et
al., 2013; Fernandez et al., 2016; Fournier et al., 2016; Lara et al., 2016). Presumably, this
trend is driven by the smaller size of the global scientific community specialized in the

study of soil protists.

Recent research suggests that, just like several plants and animals (Hawkins et al.,
2006; McCain, 2009; Hortal et al., 2011; Qian et al.,, 2013), soil protists retain their
ecophysiological traits over evolutionary time. Particularly, it seems that their need for high
humidity and warm temperatures is well-rooted in their evolutionary history and drives their
current spatial distribution. While the origin of the first eukaryotic microorganisms probably
dates back to the Proterozoic (Porter and Knoll, 2000; Porter et al., 2003; Berney and
Pawlowski, 2006; Parfrey et al., 2011), fossil evidence available (Poinar et al., 1993;
Schoénborn et al., 1999; Ascaso et al., 2005; Sims et al., 2005; Hardwood et al., 2007;
Martin-Gonzalez et al., 2008) and time estimates from molecular clock studies (Pawlowski,
2006; Parfrey et al., 2011; Lahr et al., 2015; Duckert, 2016) suggest that many extant soil
protist groups (e.g. euglyphid testate amoebae, ciliates, chlorophytes, diatoms), evolved
under the warm and humid climates that characterized much of the Mesozoic
(Behrensmeyer et al., 1992). Moreover, soil protists are very diverse in biomes with high
yearly rainfall and warm temperatures, such as temperate and tropical rain forests
(Foissner, 1997; Bamforth, 2010; Bates et al., 2013; Fernandez et al., 2015; Lara et al.,
2016), but comparatively less diverse and prevalent in biomes with water deficit and
extreme temperatures such as hot (Robinson, 2002; Fernandez, 2015) and cold (Smith,
1978; Zapata and Matamala, 1987) deserts. Indeed, soil protists are very sensitive to
changes in humidity and temperature (Foissner, 1997; Geisen et al., 2014; Bates et al.,
2013). Experimental evidence also reveals that many protists show a higher performance

(e.g. increased survival, growth and reproductive rate) at temperatures between ca. 18
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and 24 °C (Laminger, 1978; Laybourn and Whymant, 1980; Foissner, 1987; Rose and
Caron, 2007; Souffreau et al., 2010; Li et al., 2011). Many of them (e.g. difflugids and
some ciliates), simply cannot survive or reproduce without water (Foissner, 1997;
Meisterfeld, 2002a; Souffreau et al., 2010). Taken together, these facts suggest that most
eukaryotic microorganisms lack the necessary ecological and physiological adaptations to
survive in exceedingly cold and hot environments. Probably, the retention of their ancestral
adaptation to tropical-like conditions imposes strong constraints on their ability to colonize

sites with cold or hot abiotic conditions and drives their current spatial patterns in diversity.

Herein, we aimed to study the patterns and causes of elevational diversity in soil
protists along an elevational gradient of beech forests in Switzerland, characterized by
having a high humidity and comparable physicochemical properties (i.e. within the range of
requirements of the mesic tree species Fagus sylvatica), but decreasing temperature with
elevation (i.e. covering the whole temperature range of this species). For this task, we first
applied a next-generation sequencing approach (lllumina sequencing targeting the v9
region of the SSU rRNA gene) to investigate the variation in richness of five monophyletic
groups of soil unicellular eukaryotes over the gradient, including Bacillariophyta (diatoms),
Cercomonadida (cercomonadids), Ciliophora (ciliates), Euglyphida (euglyphid testate
amoebae), Kinetoplastida (kinetoplastids) and a group combining all of these taxa
(referred here as the “soil protist group”). These groups were chosen as models because
(1) they are frequent and diverse in soils (2) they have different life histories and functional
roles, and (3) are well distributed across the eukaryotic tree. Our rationale behind that
choice was to be able to generalize conclusions to as many soil eukaryotes as possible.
Secondly, we tested the predictions of the phylogenetic niche conservatism hypothesis
summarized in Table 1 to assess the relative role of ecological and long-term processes in

shaping their elevational diversity patterns.

Materials and methods
Study site and sampling

Between September and October 2012, we sampled soil protist communities in beech
(Fagus sylvatica L) forests distributed between 400 and 1300 m a.s.l., in the Jura and

Plateau biogeographical regions of Switzerland (Table 2). These forests are unevenly
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distributed over the elevational gradient and are largely regarded as being among the few
natural beech-dominated forests remaining in Europe (Heiri et al., 2009). The highest
sampling forest site was located at the maximum elevation at which these forests occur,
close to the top of the Jura Mountains. The whole study area exhibits a maritime
temperate climate with an average annual precipitation and temperature of 1200 mm and
8.3 °C, respectively (Heiri et al., 2009). Given that temperature decreases by an average
of approximately 0.6 °C for each 100 m increase in elevation (Barry, 2008), it can be
estimated that there is an average difference of approximately 5.1 °C between the lowest
(warmest) and highest (coldest) forest site. At each forest, we randomly collected three soil
cores at a depth and diameter of 5 cm. The content of the three cores was then pooled
together to have a representative soil sample of the sampling site. DNA was extracted in

the laboratory immediately after sampling.

Along with sample collection, we recorded plant species composition and from this
inferred the average ecological values for each sampling site using Landolt codes (Landolt
et al., 1977, 2010; Table 2). Landolt’s indicator values comprise a model of bioindication
that allow determining a set of soil environmental variables based on the plant species
present in a site. Landolt’s indicator values apply a five-point scale for each of nine
variables including: continentality, humus type, light, moisture, moisture variability,
nutrients, soil aeration, soil reaction (pH) and temperature. Landolt's values are often
preferable over soil environmental measurements made at a particular time and specific
point because they integrate temporal and spatial variations in soil environmental
conditions (Diekmann, 2003).

DNA extraction, amplification and sequencing

Environmental DNA was extracted using the MoBio PowerSoil DNA isolation kit (Carlsbad,
CA, USA) following the manufacturer’s instructions. PCR protocols targeting the SSU
rRNA gene V9 region of eukaryotes were done according to Amaral-Zetler et al. (2009).
Sequencing was performed with the lllumina HiSeq 2000 technology to obtain paired-end
reads (2 x 200 bp) (Fasteris, Geneva, Switzerland). Quality check (Phred score filtering,
elimination of reads without perfect forward and reverse primers, and chimera removal) of
the sequences were performed following de Vargas et al. (2015). Sequences were
grouped into operational taxonomic units (OTUs) using the clustering algorithm swarm
v1.2.5 (Mahé et al., 2014). The curated and updated PR? (Guillou et al., 2013) and SILVA
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(Pruesse et al., 2007) databases were used to taxonomically assign the OTUs after a
selection of the V9 regions according to the primers used for the sequencing. A detailed
description of this procedure is provided in the Supplementary Material S1. OTUs were
considered as undetermined if the percentage of identity did not reach 80%. One
sequence was randomly chosen to represent each OTU. The representative OTU were
used to build a phylogenetic tree using a maximum likelihood approach and the RAxML
V.7.7.1 algorithm (Stamatakis et al., 2008) using the GTR+G+l model. Model parameters
were directly estimated in RAXML. We also randomly subsampled 50 000 sequences
correctly assigned to different soil protists groups from each site to account for unequal
sample sizes between microbial communities. From these subsample, we only selected
those assigned to Bacillariophyta, Cercomonadida, Ciliophora, Euglyphida and
Kinetoplastida. We performed species accumulation curves for each group using the
package vegan (Oksanen et al., 2015) implemented in R 3.1.2 (R Development Core
Team, 2011), to assess whether our sampling effort was good enough to record a

reasonable proportion of the total OTU richness found at each forest site.

Elevational diversity gradient

We defined a community as all OTUs originating from a single beech forest sample. The
taxonomic richness within each community was calculated as the total number of OTUs
within each community. Phylogenetic alpha diversity within each community was
calculated using Faith’s index (Faith, 1992) with the R package Picante (Kembel et al.,
2010). Both measures of alpha diversity were significantly correlated (Supplementary
Figure S1), and therefore, we only used taxon richness (the observed richness datasets
hereafter) in subsequent analyses. The observed richness datasets were plotted against
the elevation and the shape of the elevational diversity gradients observed were classified
into decreasing or LPMP, following McCain (2007, 2009, 2010).

In the study site, beech forests exhibit an uneven distribution that could bias our
interpretation of the elevational diversity patterns. Literature indicates that the shape of the
elevational diversity gradient may also vary depending on whether a nonstandardised or
standardise dataset is used (Rahbek, 1995; McCain, 2009). Therefore, we re-assessed
the shape of the elevational diversity gradient, but this time accounting for sampling
biases. To this end, we standardised the observed richness (= nonstandardised richness)

datasets for sampling completeness using a combination of range interpolation and
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richness estimates. Range interpolation consisted in dividing the entire elevational gradient
into 100-m elevational bands and assuming that taxa were present at all elevations
between the lowest and highest observed elevations (i.e. taxa had continuous elevational
ranges; McCain, 2009). Richness estimations involved the calculation of the expected
richness for each 100-m elevational band using a coverage-based richness estimator
(Chao et al., 2014). This method estimates richness based on a standardized measure of
sampling completeness, allowing a less biased comparison of richness datasets. By
contrast, traditional rarefaction approaches estimate richness based on communities of
equal size, which systematically biases the degree of differences between community
richness (Chao et al., 2014). Richness estimates and their 95% confidence intervals were
computed for sample coverage up to doubling the sampling effort invested in the best
sampled 100-m elevational band (500 m, three forest sites) using the package iINEXT
(Hsieh et al., 2014). The combination of range interpolation and richness estimates
resulted in richness datasets standardized for sampling completeness (i.e. the
standardised richness datasets). The standardised richness datasets were then used to

re-asses the shape of the elevational diversity gradients.

Assessment of the predictions

The hypotheses and predictions are summarized in Table 1. These predictions assume
that the ancestral adaptation of soil protists to warm, humid climates imposes a strong
constraint on their ability to colonize cold (and hot) sites. These predictions are valid for
elevational gradients situated in temperate latitudes. These gradients exhibit wet
conditions between their limits and decreasing temperature with elevation (Barry, 2008). In
Switzerland, between the plateau and the Jura Mountains, precipitation varies between ca.

1135 and 1 813 mm, while temperature ranges between ca. 10 and 4 °C (Derungs, 2007).

Species-energy hypothesis: it is expected that soil protist diversity will decrease
with elevation (Prediction 1.1.1) and show a positive relationship with temperature (a
species-energy effect; Currie, 1991; Prediction 1.1.2). Both predictions were tested
constructing linear and quadratic models with the observed richness datasets as response
and elevation and environmental variables (as measured by Landolt’s indicator values) as
descriptors (we only retained temperature, light, humidity, pH and humus content to avoid
multicollinearity). The overall model significance and the significance of each descriptor

was tested using ANOVA in the R package vegan. Next, we re-assessed the predictions of
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this biogeographical hypothesis, but this time using the standardised richness datasets to
account for sampling biases. Both predictions were re-assessed constructing linear and
quadratic models with the standardised richness dataset as response and elevation and
the average annual temperature as descriptors. The average annual temperature was
calculated based on the average annual temperature reported for the lowest sampling site
(10 °C, Swiss Federal Statistical Department, 2016) and assuming a moist adiabatic lapse

rate of 0.6 °C for each 100-m increase in elevation (Barry, 2008).

Niche-based processes: community assembly mediated by biotic interactions
results in communities of distantly related taxa (phylogenetic overdispersion), whereas
community assembly via habitat filtering results in communities of closely related taxa
(phylogenetic clustering) (Webb et al., 2002; Bryant et al., 2008). It is therefore predicted
that higher sites with colder temperatures will have communities of closely related taxa,
because habitat filtering will gain relevance. By contrast, low and warm elevations will
have communities of distantly related taxa because optimal and stable thermal conditions
will promote niche differentiation via competitive exclusion (Prediction 2.1.1). Alternatively,
if the gradient only has optimal temperatures, then low and high elevations will have
communities composed of distantly related taxa (Prediction 2.2.1). Finally, if the entire
gradient has suboptimal temperatures, then habitat filtering will be the main structuring
force of soil protist communities (Prediction 2.3.1). These predictions were tested using
mean pairwise distance (MPD) and mean nearest taxon distance (MNTD) indices against
a null model comprised of 99 999 randomized trees with taxa shuffling, leading to
standardised metrics (ses.MPD and ses.MNTD, corresponding to —NRI and —NTI,
respectively) (Kembel et al., 2010). Within a community, —NRI represents the mean
phylogenetic distance among all pairs of taxa. Moreover, —NTI represents the mean
distance between each taxon and its closest relative. Negative values of these indices
indicate phylogenetic clustering, whereas positive values indicate phylogenetic
overdispersion. These indices and their statistical significance were computed using the R

package picante.

Rapoport effect: it is expected that that decreasing temperature with elevation will
progressively filter (select) soil protists with broader ranges and thermal tolerances
(generalists), giving rise to a macroecological pattern known as the (elevational) Rapoport
effect (Steven, 1989; Stevens, 1992). The Rapoport effect (Prediction 3.1.1) was tested

using Pearson’s correlations in R to assess the relationship between the mean elevational
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range size of all OTUs co-occurring in the same forest site and elevation. A positive

relationship between both variables will support the existence of a Rapoport effect.

Beta diversity: two antithetic and non-mutually exclusive basic patterns cause
variation in taxa composition (i.e. beta diversity) along environmental gradients, namely
taxa replacement or “turnover” (i.e. the loss of a species followed by the gain of another
among sites) and differences in taxa richness or “nestedness” (i.e. poorer communities are
a gradual subset of the richer ones) (Baselga, 2012; Ulrich and Almeida-Neto 2012).
Elevational gradients often exhibit abrupt changes in environmental conditions. Therefore,
it is expected that variation in taxa composition will be primarily driven by turnover and
secondarily by nestedness, i.e. there will be a strong taxa replacement followed by a loss
of taxa among sites due to the incapacity of taxa to colonize increasingly harsh
environmental conditions (Prediction 4.1.1). Alternatively, if changes in environmental
conditions are gradual, variation in taxa composition will be primarily driven by nestedness,
i.e. there will be a gradual loss of taxa with elevation due to a progressive change in
abiotic harshness, giving rise to an ecological pattern known as source-sink dynamics
(Prediction 4.2.1). Beta diversity was measured using the PhyloSor index (Bryant et al.,
2008), and then decomposed into its two additive measures of dissimilarity components
(turnover or and nestedness) following Leprieur et al. (2012), to estimate the relative
contribution of turnover and nestedness in generating beta diversity. Beta diversity
computations were conducted with the R package betapart (Baselga and Orme, 2012).
The observed values of PhyloSor and its additive measures of dissimilarity were compared
to null values calculated from 50 000 random communities (P < 0.05) constructed using an

independent swap algorithm employing the R packages betapart and vegan.

Mid-domain effect

Geometric constraints have been proposed as a non-deterministic mechanism underlying
the elevational diversity gradients along mountainsides (Grytnes and McCain, 2007;
McCain, 2009). This hypothesis proposes that obvious or unobvious dispersal barriers
situated at both ends of spatial gradients determine the size and the placement of taxa
ranges along the elevational space. These barriers are supposed to constrain taxa ranges
to the limits of the elevational domain studied, producing both a random overlap of taxa
distribution and a peak of richness in the centre of the mountainside (the so-called mid-

domain effect; Colwell and Hurtt, 1994). Therefore, the geometric constraint hypothesis
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may provide insights of the relative importance of stochastic processes to community
assembly along mountainsides: in the absence of deterministic processes, all the
elevational variation in diversity is due to geometric constraints. The geometric constraint
hypothesis was tested using the Mid-Domain Null program (McCain, 2004) to compute the
upper and lower unimodal diversity curves predicted by a mid-domain null model. Null
model predictions were constructed using 50 000 Monte Carlo simulations sampled
without replacement from empirical taxa-range-size distributions (McCain, 2004).
Recording a strong overlap between the empirical diversity and the null model predictions,
as well as a positive correlation between the empirical diversity and the average null model

predictions supports the occurrence of an elevational mid-domain effect.

Results and discussion

Surveys of beech forests yielded a total of 47 394 sequences distributed in a total of 1 413
OTUs (i.e. here called the soil protist group). In general, the heterotrophic protists
Cercomonadida (12 437 sequences, 373 OTUs) and Ciliophora (15 599 sequences, 582
OTUs) were the most abundant and diverse soil protists at each forest site, followed by the
also heterotrophic groups Kinetoplastida (10 377 sequences, 223 OTUs) and Euglyphida
(8 058 sequences, 157 OTUs), and lastly by the phototrophic group Bacillariophyta (923
sequences, 78 OTUs) (Supplementary Figure S2). Species accumulation curves
calculated for each group reached a plateau, indicating that sampling and sequencing
covering were good (Supplementary Figure S3). Our results are consistent with other
studies; Cercomonadida and Ciliophora often are among the most diverse and abundant
heterotrophic soil protists in forests (Foissner, 1997; Bates et al., 2013; Geisen et al.,
2015). Euglyphida (Lara et al., 2016) and Kinetoplastida (Vickerman, 2000) are also
diverse and common in forest soils, although never at the same level as Cercomonadida
and Ciliophora. Bacillariophyta are also considered as a common component of soil protist
communities in forests (Sims et al., 2005). However, they appear to be more diverse and
abundant in open habitats (e.g. meadows) than in forests, where the highest amount of

light reaching the soil surface is lower (Seppey et al., unpublished).
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Elevational diversity gradient

In agreement with other studies on elevational diversity gradients (e.g. Rahbek, 1995;
McCain, 2009), our analyses revealed that different conclusions can be drawn from non-
standardised and standardised richness datasets. The observed (nonstandardised)
richness datasets revealed the existence of three elevational diversity patterns (LPMP,
decreasing and no pattern), while the standardised richness datasets revealed the
existence of two of them (LPMP and decreasing) (Table 3; Supplementary Figure S4).
Despite of these differences, both dataset types showed that alpha diversity roughly peaks
at low or low-mid elevations before decreasing towards higher and lower elevations. While,
the decrease in richness towards higher elevations may be explained by the increasing
environmental harshness, e.g. colder temperatures (Stevens, 1992; Grytnes et al., 2006;
Grytnes and McCain, 2007), the apparent and incipient decline in richness towards lower
elevations may be reflecting the increasing water deficit that characterizes the lowlands of
temperate mountains (Barry, 2008). Therefore, if we had extended our sampling towards
lower elevations, then we probably would have observed a unimodal diversity pattern for

almost all taxa.

The elevational diversity patterns observed corresponded to observations from
previous studies reporting that soil protist richness peaks at low or low-mid elevations
(decreasing pattern) (Krashevska et al., 2007; Heger et al., 2015) or shows no elevational
pattern (Mitchell et al., 2004; Shen et al., 2014). However, this is the first time that the
LPMP pattern (a widespread elevational trend in richness among reptiles, birds and
mammals; reviewed in McCain, 2007, 2009, 2010) is explicitly reported for eukaryotic
microorganisms. This pattern may not be unusual among microorganisms. Four out of six
groups studied here exhibited this pattern and there is also evidence suggesting that the
LPMP has been previously observed but not reported in, for example, testate amoebae

(authors’ conclusion based on Figure 2 in Mitchell et al., 2004).

Assessment of the predictions

Species-energy hypothesis: Both richness datasets also yielded different outcomes for
Predictions 1A and 1B. Except for Cercomonadida, no observed richness dataset showed
a statistically significant relationship with elevation (Table 3; Supplementary Figure S4).
The lack of statistical relationship between almost all the observed richness datasets and

elevation may be explained by an unequal sampling over the gradient. This bias led to a
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discontinuous representation of soil microbial communities, which probably undermined
the statistical power of the analyses and the chances of detecting a true (statistical)
pattern. This problem could have been solved by sampling at regular intervals (e.g., every
100-m increase in elevation), but this was impractical in our study site. These forests
exhibit a patchy and uneven distribution over the gradient. Under such a situation, data
standardisation is the best way to overcome undersampling issues and detecting patterns
(Rahbek, 1995, 2005; McCain 2009). Indeed, the standardised richness datasets showed

negative and significant relationships with elevation (Table 3; Supplementary Figure S4).

The observed richness datasets showed no statistical relationship with Landolt’s
indicator values (P > 0.05). By contrast, the standardised richness datasets showed a
positive correlation with temperature (Table 3; Supplementary Figure S5). This suggests
that the elevational patterns of soil protist diversity are driven by their thermal constraints.
This idea is consistent with evidence showing that most protists have a low performance
(decreased survival, growth and reproductive rate) (Laminger, 1978; Laybourn and
Whymant, 1980; Foissner, 1987; Rose et al., 2007; Souffreau et al., 2010; Li et al., 2011)
and diversity (Heger et al., 2015; Fernandez et al., 2016; Lara et al., 2016) in sites with

cold environmental conditions.

Niche-based processes: The assessment of the phylogenetic structure within
communities showed that the soil protist group exhibited both local communities of
distantly and closely related taxa (i.e. phylogenetic overdispersion and clustering,
respectively), indicating that overall soil protist communities are structured by both biotic
and habitat filtering (Figure 1). This outcome provided mixed support to our predictions:
low elevations only showed phylogenetically clustered communities, middle elevations
both phylogenetically clustered and overdispersed communities, and high elevations only
phylogenetically clustered communities. Overall, these results suggested that habitat
filtering is important at low and high elevations, while both habitat filtering and biotic
interactions shape soil protist communities at mid-elevations. Moreover, we obtained
different results after investigating the phylogenetic structure into more specific groups.
Bacillariophyta were characterised by phylogenetically overdispersed communities along
the entire elevational gradient studied, supporting Prediction 2B; while Cercomonadida,
Ciliophora, Euglyphida and Kinetoplastida only exhibited phylogenetically clustered

communities, supporting Prediction 2C (Figure 1).
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Phototrophic protists, such as diatoms, have higher reproductive rates than
heterotrophic protists at cold temperatures (Rose and Caron, 2007). Therefore, diatom
growth is less constrained by decreasing temperature than other soil protists. Rather,
diatom distribution may be limited by light availability; in forest, sun spotlights are rare and
unevenly distributed. Competition for suitable micro-environments must be, therefore, even
stronger than for other groups. This must result into competitive exclusion of close
relatives and phylogenetically overdispersed communities (Webb et al.,, 2002).
Alternatively, this outcome may be the result of the joint influence of competition at low,
warm elevations and ecological facilitation (i.e. a taxon facilitates the occurrence of
another in a suboptimal habitat) at cold, high elevations. At least it has been shown that
this is the mechanism behind the occurrence of distantly related species of vascular plants
over mountainsides (Callaway et al., 2002; Bryant et al., 2008). While, to our knowledge
there are no studies on facilitative interaction between soil diatoms, the empirical
observation of this interacting biotic factor between estuarine benthic diatoms

(Vanelslander et al., 2009) does provide support to this idea.

Phylogenetically clustered communities generally occur in suboptimal sites, where
habitat filter plays a major role in community assembly (Webb et al., 2002). This suggests
that the entire elevational gradient studied exhibits severe environmental conditions for the
phagotrophic Cercomonadida, Ciliophora, Euglyphida and Kinetoplastida. In particular, as
winter frost occurs at all elevations along the gradient, it may be possible that the cold and
suboptimal temperatures prevailing for much of the year in the study sites (Heiri et al.,
2009) constantly filter (select) a subset of cold-tolerant taxa from a regional species pool,
leading to the assembly of phylogenetically clustered communities (Bryant et al., 2008;
Hortal et al., 2011; Qian et al., 2013). This does not mean that other environmental factors
do not play an important role in the assembly of their communities, but rather that the
importance of their thermal adaptations on their distribution may minimize that of other

factors.

Rapoport effect: In strong agreement with our previous results, geographical
ranges of all taxa increased with elevation, conforming to the macroecological pattern of
the Rapoport effect (Figure 2; Supplementary Table S1). The observation of this
elevational Rapoport effect supported Prediction 3A and suggests that the gradual
decrease in temperature progressively filter taxa with broader cold tolerance towards high

elevations. Although not universal, the elevational Rapoport effect has been widely
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recorded among macroorganisms, proving useful for discriminating between optimal and
sub-optimal elevational sites for organisms (Stevens, 1992; Beketov, 2009; Ah-Peng et al.,
2012). To our knowledge, the Rapoport effect had only been explicitly tested and
demonstrated in latitudinal gradients for eukaryotic microorganisms (Fernandez et al.,
2016); and therefore, this is the first time ever that an elevational Rapoport effect is

demonstrated for microorganisms in general.

Beta diversity: Beta diversity analyses revealed that there is a high and significant
dissimilarity in taxa composition between any pair of soil protist communities taken at
random from our study site (PhyloSor values ranged from 0.57 to 0.66, P < 0.05; Table 4).
Also, in all cases beta diversity was mainly due to turnover (PhyloSorr,, values ranged
from 0.5 to 0.60, P < 0.05) and to lesser extent to nestedness (i.e. PhyloSorpp values
ranged from 0.04 to 0.09, P < 0.05; Table 4). These results support Prediction 4A and
revealed that an important portion of taxa are replaced among forest sites (there is a “true
turnover” among sites; Baselga, 2012), while a comparatively low proportion of taxa co-
occur among forest sites. These high values of turnover suggested that different elevations
are colonized by organisms with different thermal tolerances. Therefore, each forest site

may have a unique and probably little explored microbial eukaryote community.

Mid-domain effect: We did not find support for a mid-domain effect in the study site.
There was a low overlap between the geometric constraint null model predictions and
empirical richness values, as well as inconsistency between the empirical peak of richness
and the peak of richness predicted. Also, there was a lack of correlation between the
empirical diversity and the average null model predictions (Figure 3; Supplementary Table
S2). This finding confirmed that stochastic processes did not play an important role in
shaping the elevational diversity pattern and in the assembly of local microbial
communities, which is in agreement with similar studies performed on microorganisms at

similar spatial scales (Bryant et al., 2008; Charvet et al., 2014).

Conclusions

Our results support the idea that the need for warm, humid environmental conditions
represents an evolutionary constraint on the spatial distribution of soil protist diversity. The

use of next-generation sequencing allowed a comprehensive analysis of microbial diversity
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and composition over the gradient. The different groups of protists exhibited elevational
diversity patterns that varied in shape depending on the taxon studied. Despite these
differences, our analyses showed that all taxa exhibited a decrease in richness towards
higher and colder elevations. This trend was only significant when richness was
standardized, except with Cercomonadida where this pattern was also explicit when data
were not standardised. Standardising the observed richness was required because the
sampling sites were unevenly distributed over the elevational gradient. These facts invite
to re-assess the elevational diversity gradient in the microbial taxa that apparently do not
exhibit a significant relationship with elevation or environmental variables (e.g. temperature
and water availability). In addition, all soil protist groups exhibited a combination of
elevational variation in phylogenetic structure, range sizes and taxa composition that
suggest that they have thermal constraints that limit their ability to colonize cold sites at
high elevations. Most likely these thermal constraints also drive the spatial distribution of
their diversity over other spatial gradients (e.g. see Fernandez et al., 2016; Lara et al.,
2016). Future studies should aim at re-assessing the generality of our findings in
mountains present in contrasted climatic regions (e.g. cold or arid mountains), along
continuous and more extensive elevational gradients (e.g. from sea level to the
mountaintops), and using much more detailed information on the environmental factors

that potentially drive the distribution of these microorganisms in soils.
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Table 1 Predictions that can be drawn from the phylogenetic niche conservatism

hypothesis, which proposes that climatic conditions within which a taxon evolved —warm

and humid conditions for most modern taxa— should be conserved in the present (Wiens

and Donoghue, 2004). These predictions stem from biogeographical hypotheses that once

were independently proposed to explain biodiversity patterns and are valid for elevational

gradients situated at temperate latitudes, which exhibit little variation in precipitation and

decreasing temperature with elevation (Barry, 2008).

Biogeographical hypothesis

Theory

Testable prediction

1

Species-energy
(Currie, 1991; Evans
et al., 2005)

Niche-based
processes (Webb et
al., 2002; Bryant et al.,
2008)

Rapoport effect
(Steven, 1989;
Stevens, 1992)

Beta diversity (Hortal
et al., 2011; Baselga,
2012)

1.1. Richness positively related to
temperature rather than to any other
environmental factor

2.1. Local community assembly
mediated by competition at low, warmer
elevations and habitat filtering at high,
colder elevations

2.2. Local community assembly
mediated by competition along the entire
elevational gradient (gradient with
benign temperatures)

2.3. Local community assembly
mediated by habitat filtering along the
entire elevational gradient (gradient with
harsh temperatures)

3.1. Temperature decreases with
elevation and progressively filters
(selects) taxa with broader elevational
ranges and wider thermal tolerances
(generalists)

4.1. Abrupt changes in temperature with
elevation produce sharp changes in beta
diversity

4.2. Gradual changes in temperature
with elevation produce progressive
changes in beta diversity

1.1.1. Richness decreases with
elevation, showing a decreasing or
LPMP diversity gradient

1.1.2. Richness positively related
to temperature

2.1.1. Communities of distantly
and closely related taxa at low and
high elevations, respectively

2.2.1. Communities of distantly
related taxa along the gradient

2.3.1. Communities of closely
related taxa along the gradient

3.1.1. Positive correlation between
elevation and taxa-range-sizes
distributions

4.1.1. Beta diversity is primarily
produced by turnover

4.2.1. Beta diversity is primarily
produced by nestedness (source-
sink dynamics)
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Table 2 Elevation, coordinates and Landolt’s indicator values (five points) estimated for

each sampling site.

S/ié?/ation La Eitu de Lonogitu de Landolt’s indicator values

(ma.s.l.) ("N ("E) D F H K L N R T w
458 47°08'56.60" 7°35'01.51" 1.74 348 330 248 215 344 3.00 326 2.00
505 47°02'27.23" 7°11'19.57" 2.78 294 278 289 244 278 333 328 1.44
548 47°06'47.04" 7°30'16.56" 2.25 3.19 3,50 257 175 288 267 356 1.50
580 47°21'52.00" 7°06'24.00" 2.24 324 319 255 229 338 3.05 348 1.62
600 47°00'18.20" 7°30'15.52" 2.00 3.25 350 200 150 3.00 325 363 1.75
772 47°11'01.34" 6°52'16.24" 1.86 3.29 343 254 214 371 3.00 332 1.71
799 46°34'04.44" 6°19'47.52" 259 3.03 355 255 210 297 321 322 141
877 47°02'23.39" 6°57'07.32" 2.13 3.25 3.63 253 206 3.06 3.14 322 1.44
1262 46°27'26.83" 6°05'52.09" 2.75 3.09 3.63 263 219 3.06 294 3.03 1.31
1308 47°04'32.25" 6°52'19.19" 245 293 346 284 275 267 327 291 142

D: soil aeration; F: moisture; H: humus content; K: continentality; L: light; N: nutrients; R: soil reaction or pH; T:
temperature; W: moisture variability
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Table 3 Relations between (a) nonstandardised richness and elevation, (b) standardised
richness and elevation, and (c) standardised richness and average annual temperature.
Relationships were modelled with both linear (L) and quadratic (Q) models. The better
model was selected using the Akaike's information criterion. The last column (Pattern)
describes whether the elevational diversity pattern observed in (a) or (b) was classified as

decreasing (D), low plateau with a mid-peak (LPMP) or as not showing any pattern (NP).

Eukaryotic microbial Linear model  Quadratic model Better

Relations group o p o P Model Pattern
(a) Nonstandardised Soil protist group 0.205 0.622 0.256 0.523 L LPMP
Richness vs Bacillariophyta 0.104 0.333 0.101  0.706 L LPMP
elevation
Cercomonadida 0.513 0.020 0.734 0.047 L D
Ciliophora 0.014 0.744 0.021 0.834 Q NP
Euglyphida 0.146 0.276 0.316  0.229 L LPMP
Kinetoplastida 0.334 0.080 0.360 0.609 Q LPMP
(b)  standardised Soil protist group 0.699 0.002 0.699 0.353 L LPMP
Richness vs Bacillariophyta 0.886 0.000 0896 0.222 L LPMP
elevation
Cercomonadida 0.853 0.000 0.847 0.425 L D
Ciliophora 0.579 0.006 0.785 0.021 Q LPMP
Euglyphida 0.776 0.000 0.842 0.077 L LPMP
Kinetoplastida 0.593 0.006 0.877 0.003 Q LPMP
()  standardised Soil protist group 0.733 0.002 0.766 0.353 L -
Richness vs Bacillariophyta 0.898 0.000 0.919 0.222 L -
average annual )
temperature Cercomonadida 0.869 0.000 ggq 0.425 L -
Ciliophora 0.625 0.006 0.833 0.021 Q -
Euglyphida 0.801 0.000 0.877 0.077 L -
Kinetoplastida 0.638 0.006 0.904 0.003 Q -
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Table 4 Observed and expected (50 000 random communities) values of beta diversity
(PhyloSor) and of its two additive measures of dissimilarity, namely turnover (PhyloSorr,)
and nestedness (PhyloSorpp) for the study site.

PhyloSor PhyloSorrum PhyloSorep
Taxon Observed Expected Observed Expected Observed Expected
Soil protist group 0.60 045" 0.56 0.44" 0.04 0.00"
Bacillariophyta 0.57 0.32" 0.50 0.41" 0.07 0.00"
Cercomonadida 0.64 0.51" 0.60 0.48" 0.04 0.00"
Ciliophora 0.66 0.55 0.59 0.51" 0.07 0.00"
Euglyphida 0.61 047" 0.55 042" 0.06 0.00"
Kinetoplastida 0.61 051" 0.51 0.44° 0.09 0.00"

*P <0.05 *P<0.001; ** P < 0.0001
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Figure 1 Variation in community phylogenetic relatedness along the gradient studied as
measured with both —NRI and —NTI indices. Above zero values indicate phylogenetic

overdispersion; while below zero values indicate phylogenetic clustering.
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Figure 2 Relationship between the mean elevational range size (MER) of all eukaryotic
microbial groups studied and elevation. All eukaryotic microbial groups exhibited a
significant (P < 0.05, Supplementary Table S1) increase of their elevational ranges with

elevation, conforming to the macroecological pattern of the Rapoport effect.
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Figure 3 Richness (solid circles), upper and lower 95% confidence limits (broken lines)
and average null model predictions (dotted line) computed with the Mid-Domain Null
program (50 000 Monte Carlo simulations sampled without replacement from empirical
taxa-range-size distributions). In all cases, the observed richness did not show significant
relationship (P > 0.05) with null model predictions (Supplementary Table S2), indicating

that the observed patterns where not significantly influenced by random effects.
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Appendix to “Elevational diversity patterns in free-living soil unicellular
eukaryotes are driven by evolutionary constraints to water and energy
availability”

123



SUPPLEMENTARY MATERIAL

Elevational diversity patterns in free-living soil unicellular eukaryotes are driven by

evolutionary constraints to water and energy availability

Leonardo D. Fernandez, Christophe V. W. Seppey, David Singer, Bertrand Fournier, Dylan Tatti,
Edward A. D. Mitchell and Enrique Lara

Supplementary material S1: DNA extraction, amplification and sequencing

DNA was extracted using MoBio PowerSoil extraction kit (Carlsbad, CA, USA) according
to the manufacturer instructions. The SSU rRNA V9 region was amplified using the broad
spectrum eukaryotic primers 1380F/1510R (CCCTGCCHTTTGTACACAC/
CCTTCYGCAGGTTCACCTAC) described in (Amaral-Zettler et al., 2009). PCR reactions
were run in triplicates with a PTC-200 Peltier Thermo Cycler (BioConcept, Allswill,
Switzerland) with 1ng of environmental DNA, 6uL of 10 x PCR buffer, 0.6uL of each
primer, 0.6uL of each dNTP 400uM (Promega, Dubendorf, Switzerland) and 0.2uL of 0.05
U/uL Go Taq (Promega, Dubendorf, Switzerland). The volume was adjusted to 30uL with
ultra-pure water. Amplification was conducted with the following conditions: denaturation at
94°C for 3 min, 30 cycles at 94 °C for 30 sec, 57 °C for 60 sec and 72 °C for 90 sec and
final extension at 72 °C for 10 min (Amaral-Zettler et al., 2009). PCR products were
purified through QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and pooled
together at the same concentration prior to sequencing. A DNA library was prepared using
the New England Biolabs’s kit NEBNext DNA Sample Prep Master Mix Set 1. lllumina
HiSeq sequencing was done by Fasteris (Geneva, Switzerland) using an lllumina HiSeq
251 2000 technology to obtain paired-end reads (2X 100bp).

The PR2 database (Guillou et al., 2013) was used as the reference database for a
first taxonomic assignation of reads and OTUs; only sequences containing complete
forward and reverse primers described above were retained. SSU sequences from
bacteria and archaea were also added to the PR2 database from the Silva database
(Pruesse et al., 2007) in order to identify and remove eventual prokaryotic sequences from
the analysis. The prokaryotic SSU sequences were truncated from the general primer
1389F (TTGTACACACCGCCC) (Amaral-Zettler et al., 2009) to the end of the SSU rRNA
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sequence and kept as ortholog of the eukaryotic V9 fragment. The truncated prokaryotic
sequences were then de-replicated before being added to the PR2 database. Reads were
merged using the program Flash (v1.2.9) (Magoc and Salzberg, 2011) and demultiplexed
into samples using the program Sabre (https://github.com/najoshi/sabre). Good quality
sequences were selected with a custom script inspired from the method used in de Vargas
et al. (2015). Chimeric sequences were then discarded using the software Usearch
(7.0.1090) (Edgar, 2011) by comparing reads against the PR2 (Guillou et al., 2013) and
Silva (Pruesse et al., 2007) databases and against reads within the sample. Only
sequences containing complete forward and reverse primers described above were
retained. In order to remove artifactual sequences, we kept only those that were found at
least three times in two samples (de Vargas et al., 2015). OTUs were clustered using the
software swarm (v. 1.2.5) (Mahe et al.,, 2014) with the default set-up. OTUs were then
taxonomically assigned by aligning the dominant sequence of every OTU against the PR2
database using ggsearch (Fasta package V. 36.3.6:
http://faculty.virginia.edu/wrpearson/fasta/lCURRENT/). The OTUs were considered as
undetermined eukaryotes if their percentage identity with sequences of PR2 was lower
than 80% as in (de Vargas et al., 2015). Prokaryotic sequences were sorted out by
aligning our data against the Silva database. We removed also sequences belonging to

Metazoa or Embryophyceae.
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Supplementary Figure S1 Simple linear correlation between the taxonomic richness and

phylogenetic richness of each eukaryotic microbial group.
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Supplementary Figure S2 Relative richness and abundance recorded for each eukaryotic

microbial group studied at each elevational forest site.
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Supplementary Figure S3 Species accumulation curves calculated for each eukaryotic
microbial group studied. In all cases, species accumulation curves tended to reach a
plateau, indicating that sampling and sequencing covering were good at each elevational
forest site. The numbers at the end of each line depict site elevations as described in

Table 2, within the main body of the manuscript.
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Supplementary Figure S4 Relationships between elevation and: (a) the observed
(nonstandardised) and (b) the standardised richness of each eukaryotic microbial group.
The trends were modelled with linear and quadratic models. The better model was
selected based on the lower value of Akaike’s information criterion and is shown (when
significant) as a solid line. More details about the models can be found in Table 3, within

the main body of the manuscript.
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Supplementary Figure S5 Relationship between the average elevational changes in
temperature and the standardised richness of each eukaryotic microbial group. The trends
were modelled with linear and quadratic models. The better model was selected based on
the lower value of Akaike’s information criterion and is shown as a solid line. More details

about the models can be found in Table 3, within the main body of the manuscript.
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Supplementary Table S1 Pearson’s correlations between the mean elevational range

size of all eukaryotic microbial groups studied and elevation (the Rapoport effect)

Eukaryotic microbial group R’ P

Soil protist group 0.980 0.000
Bacillariophyta 0.849 0.000
Cercomonadida 0.970 0.000
Ciliophora 0.983 0.000
Euglyphida 0.918 0.000
Kinetoplastida 0.964 0.000

Supplementary Table S2 Pearson’s correlations between the empirical diversity and the

average null model predictions calculated with a mid-domain null model 50 000 Monte

Carlo simulations sampled without

distributions) implemented in the Mid-Domain Null program (McCain, 2004)

replacement

from empirical

Eukaryotic microbial group R? P

Soil protist group 0.005 0.854
Bacillariophyta 0.049 0.539
Cercomonadida 0.077 0.437
Ciliophora 0.035 0.603
Euglyphida 0.128 0.310
Kinetoplastida 0.380 0.058
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Chapter 5: A lake-dwelling microalga (Bathycoccaceae) exhibits population
genetic structure among lacustrine populations due to geographic and

ecological isolation
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Abstract

Microorganisms have huge populations, small sizes and many build dormant stages to
resist under environmental conditions. Accordingly, it is assumed that microorganisms
have unlimited dispersal and gene flow and do not display population genetic
differentiation. We analysed the internal transcribed spacer operon sequences (i.e. the
ITS1-5.8S-ITS2 complex) of a lake-dwelling microalga (Bathycoccaceae) to: (a) assess its
population genetic structure and differentiation in six lakes of the Argentinean Patagonia,
and (b) determine and disentangle the relative role that both isolation by distance and
isolation by environment play in shaping the patterns of spatial genetic variation in this
microorganism. A haplotype network analysis revealed a few common haplotypes
intermixed with several unique haplotypes mainly restricted to the northwestern and
southern lakes. Also we observed moderate to high genetic differentiation between lake
populations. A spatially explicit Bayesian clustering model grouped lake populations in
three distinct genetic unities, confirming that there is population genetic structure. A
multiple regression analysis on matrices of genetic, geographic and environmental

distances revealed that gene flow between populations is limited due to a combination of
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isolation by distance and isolation by environment. Our results therefore led us to reject

the hypothesis that there is unlimited gene flow between lake-dwelling microorganisms.

Keywords: freshwater protists, isolation by distance, isolation by environment, landscape

genetics, Patagonia

Introduction

Free-living aquatic microorganisms are among the most diverse and ubiquitous living
entities on Earth (Logares et al., 2014; de Vargas et al., 2015) and play a pivotal role in
biogeochemical cycles (Stockner and Antia, 1986; Massana, 2011). Because of their huge
populations, small size and capability to form dormant stages to survive adverse
environmental conditions, microorganisms were largely assumed to display unlimited
passive dispersal and gene flow among populations (Beijerinck, 1913; Finlay, 2002;
Fenchel and Finlay, 2004). While some highly abundant and euryoecious marine
microorganisms appear to have unlimited dispersal and a lack of genetic structure among
populations (Evans et al., 2005; Slapeta et al., 2006; Lara et al., 2009; Casteleyn et al.,
2010; Van Gremberghe et al., 2011), currently there is a growing body of evidence
supporting the idea that many aquatic microorganisms do have limited dispersal and gene
flow. Several studies on marine microalgae have reported genetic differentiation among
neighbouring populations despite dispersal potential through currents (Rynearson et al.,
2006; Nagai et al., 2007; Godhe and Harnstrém, 2010; Harnstrém et al., 2011; Sjéqvistet
et al., 2015). Inland waters have a patchy distribution in the landscape, and moreover, the
physicochemical properties of freshwaters differ more between water bodies than between
different geographic points within the relatively buffered marine realm (Diaz et al., 2000).
Therefore, it can be expected that populations of micro-organisms living in those systems
will tend to be more diverse than those living in the sea. Indeed, in inland waters,
microorganisms also have complex population genetic structure comparable with

macroorganisms (Kim et al., 2004; Evans et al., 2009; Logares et al., 2009; Van den
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Wyngaert et al.,, 2015). Limited gene flow has even been reported among freshwater
populations of microorganisms that were separated by less than 10 km (Rengefors et al.,
2012).

Although genetic differentiation of microbial organisms into distinct populations has
frequently been confirmed, very little is known about how the heterogeneity of landscapes
influences the genetic connectivity and structure of microbial populations (Van
Gremberghe et al., 2011; Rengefors et al., 2012; Van den Wyngaert et al., 2015). Patterns
of genetic differentiation often reflect spatial variation in gene flow. The heterogeneity of
landscapes can influence gene flow in two main ways: (1) isolation by distance and (2)
isolation by environment (Thorpe et al., 2008; Lee and Mitchell-Olds, 2011). Under a
model of isolation by distance (Wright, 1943), geographic distance and barriers restrict
gene flow among populations, resulting in a correlation between genetic and geographic
distances. Under a model of isolation by environment (Wang and Summers, 2010), gene
flow among populations inhabiting different ecological environments is limited by selection
against dispersers moving between them or by individual preference to remain in a
particular environment (Nosil, 2004; Nosil et al., 2005), resulting in an association between
genetic and environmental distances. Isolation by distance has frequently been suggested
as a valid model to explain the occurrence of genetic differentiation among certain
microbial populations (Casteleyn et al., 2010; Demura et al., 2014). Currents and oceanic
basins appear to restrict dispersal and gene flow among marine populations of
microorganisms (Casabianca et al., 2012; Godhe et al., 2013). Lack of hydrological
connectivity and long-term ice cover has been suggested as important barriers to dispersal
and gene flow among lacustrine microbial populations (Rengefors et al., 2012). Isolation
by environment, on the other hand, appears to have a large impact on the genetic
structuring of microbial populations inhabiting different but highly connected aquatic

environments (de Vargas et al., 2002; Rynearson et al., 2006; Harnstrém et al., 2011).

So far, most of the studies that have assessed the patterns and causes of spatial
genetic diversity in populations of aquatic microorganisms have focused on ecosystems of
the northern hemisphere (e.g. Rynearson et al., 2006; Godhe and Harnstrém, 2010;
Harnstrém et al., 2011; Van Gremberghe et al. 2011; Casabianca et al., 2012; Lowe et al.,
2012; Godhe et al., 2013; Van den Wyngaert et al., 2015); and to our knowledge, there are
currently no similar studies on lake-dwelling microorganisms from historically

undersampled areas, such as southern Argentinean Patagonia. Because of the distribution
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of the landmasses in each hemisphere, basic limnological properties differ completely from
Northern Hemisphere counterparts. In this region, lakes represent an interesting
playground to assess the influence of actual landscape processes on the genetic structure
of microbial populations. These lakes span extensive geographical and environmental
gradients, are hydrologically disconnected from each other and located within areas
exhibiting potential terrestrial and marine barriers to dispersal, including the Andes and the
Magellan Strait. Therefore, different lakes might harbour highly differentiated microbial

populations due to limited gene flow.

A recent molecular survey of free-living unicellular eukaryotes in a set of lakes
situated in southern Argentinean Patagonia (Schiaffino et al., 2016), revealed the
occurrence of a new member of Mamiellophyceae, which was later characterized as being
the only known freshwater member of family Bathycoccaceae (Lara et al., unpublished
data). This newly erected chlorophyte family (Marin and Melkonian, 2010) comprises the
smallest known photosynthetic eukaryote, Ostreococcus tauri (Courties et al., 1994). The
extreme abundance of these organisms in marine environments (Countway and Caron,
2006) coupled to their small size would suggest that their geographical distributions should
tend toward cosmopolitanism (Fenchel and Finlay, 2004). Indeed, such trends have been
observed, and genotypes are better separated by different environmental conditions than
by distance (Demir-Hilton et al., 2011). However, as suggested before, freshwater

environments should promote higher population genetic structure in micro-organisms.

In this study, we tested the hypothesis that there is population genetic structure
among lake populations of microalgae. Based on internal transcribed spacer operon
sequences (i.e. the ITS1-5.8S-ITS2 complex) of the recently described freshwater
Bathycoccaceae we aimed: (a) to assess the population genetic structure and
differentiation in this lake-dwelling microalga in six lakes of the Argentinean Patagonia,
and (b) to determine and disentangle the relative role that both isolation by distance and
by environment play in shaping the patterns of spatial genetic variation in this

microorganism.
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Materials and methods

Sampling strategy

Water samples were collected from the euphotic zone of six different lakes distributed
between the Chubut, Santa Cruz and Tierra del Fuego provinces in the southern
Argentinean Patagonia (between latitude 45°55" and 54°36’ S) during spring 2007 and
2008. The water bodies sampled included lakes Musters, Posadas, Cardiel, Desierto, San
Luis and Yehuin (Figure 1, Table 1). We measured several environmental parameters at
each lake (Supplementary Table S1). Temperature, pH, conductivity and dissolved oxygen
(DO) were measured in situ with portable meters (Horiba D-54 meter, Kyoto, Japan and
Hanna HI 9146, Villafranca, Italy). Nutrients (Ammonium N-NH,, nitrate N-NOj, nitrite N-
NO, and phosphate P-PQO,), chlorophyll a (chl a), dissolved organic and carbon (DOC)
were analyzed following the methods described in (Schiaffino et al. 2011). Additional

detailed information on the lakes studied can be found in Quirés and Drago (1999).

Molecular methods

Water samples for nucleic acid extractions were pre-filtered in situ through a 50 ym net
and about 1 litre of water of each lake was filtered sequentially through 20, 3 and 0.2 ym-
pore size polycarbonate filters with a vacuum pump. The filters were preserved in cryovials
with 1.8 mL of lysis buffer (40 mM EDTA, 50 mM Tris-HCI, 0.75 M sucrose) and stored at —
80°C until nucleic acid extraction. The 0.2-3 ym size fraction was used for this study.
Nucleic acid extractions were performed with a phenol/chloroform procedure as described

in Unrein et al. (2005) and extracts were stored at —80°C until analysis.

We used an alignment comprising SSU and LSU rRNA sequences of several
representatives of the Bathycoccaceae/Mamiellophyceae clade, both environmental and
derived from cultures. We chose the primers to amplify a region that could encompass the
whole ITS operon (i.e. the ITS1-5.8S-ITS2 complex), and to be specific only to this clade
and not to amplify Monomastigales, which can be common in freshwaters (Marin and
Melkonian 2010). We aimed to use this operon because variation within ITS regions is
useful for identification of population groups of eukaryotic microalgae at broad spatial
scales (Bakker et al., 1992). The resulting primers were BatSSUF 5'-
CCGGGCTTTTTCAAGTCTGGT-3’ and BatLSUR 5-TTGTCTGAACTGAGGTCAAAAGG-

139



3. We performed a 40 cycles PCR with an annealing temperature of 55 °C using
Promega’s GoTaqg polymerase (Madison, Wisconsin, USA). Products (ca. 2kb) were
cloned into apCR2.1 Topo TA cloning vector and transformed into E. coli TOP10’ One
Shot cells (both from Invitrogen) according to the manufacturer’s instructions. Clone
inserts were amplified using PCR primers. White colonies were picked and PCR was
performed directly without any cultivation step of the bacteria. Sequencing was performed
on right-sized clones with an ABI PRISM 3700 DNA Analyzer (PE Biosystems, Genéve,
Switzerland) using a BigDyeTM Terminator Cycle Sequencing Ready Reaction Kit (PE

Biosystems).

Population data analyses

Descriptive statistics of genetic diversity, including the number of haplotypes (h), haplotype
diversity (Hd), nucleotide diversity (17) and number of segregating sites, were estimated for
each population using DnaSP v.5 (Librado and Rozas, 2009). A haplotype network was
constructed using a Median-Joining algorithm implemented in the program NETWORK 4.5
(http://www.fluxus-technology.com) (Bandelt et al., 1999) to determine the genealogical
relationship between the haplotypes and the spatial distribution of the haplotypes. Genetic
divergence among populations was estimated by calculating the pairwise genetic
differentiation (pairwise Fsr statistics) in ARLEQUIN v3.5 (Excoffier and Lischer, 2010)
based on 50 000 permutations (P < 0.05). Sequential Bonferroni corrections were used to

adjust significance levels for simultaneous inferential tests (Rice, 1989).

Population genetic structure

The existence of spatial discontinuities (i.e. the existence of genetic structure) among
populations was investigated using the program Geneland v.4.0.5 (Guillot et al. 2005a,
2005b; Guillot et al. 2008). Geneland implements a population statistical model with
Bayesian inference in a set of georeferenced individuals with sequences data. The goal of
this model is to infer and locate the genetic discontinuities between populations of geo-
referenced genotypes, considering the uncertain localization of the sampled individuals.
The number of clusters was determined by running MCMC (Markov chain Monte Carlo)
iterations five times, allowing K (i.e., the most probable number of populations) to vary,

with the following parameters: 10 000 000 MCMC iterations, maximum rate of the Poisson
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process fixed to 100 (this is the default value of the software), the minimum K=1, maximum
K=6 (values that allow exploring a wide potential number of populations, and considering
the maximum spatial subdivision in the latitudinal gradient considered). The maximum
number of nuclei in the Poisson-Voronoi tessellation was fixed at 300 (3 x maximum rate
was suggested by Guillot et al. 2005b). After inferring the number of populations in the
data set from these five runs, the MCMC was run two times with K fixed to the inferred
number of clusters, with the other parameters the same as above. The posterior probability

of population membership for each pixel of the spatial domain was then computed.

Isolation by distance and isolation by environment

We used multiple regression analysis on matrices of genetic, geographic and
environmental distances (MRM; Legendre and Legendre, 1998; Lichstein, 2007), to
investigate the extent to which isolation by distance and isolation by environment (either
together or separately) influence the genetic connectivity and structure of microbial
populations. Unlike other methods for analyzing correlations between distance matrices
(e.g. Mantel test; Mantel, 1967); MRM performs a multiple regression analysis between
two or more distance matrices, using permutations to determine the significance of the
coefficients of determination. MRM was conducted using Slatkin's linearized Fsr as
response and geographic and environmental distance matrices as predictors. The
geographic distance matrix was calculated with the geographic distances between each
pair of lakes, using their geographical coordinates and Euclidean distances. To construct
the environmental distance matrix, we log transformed environmental variables to avoid
skewed trends and then checked for multicollinearity. Next, we normalized all variables to
accommodate the different units of the different variables (Clarke et al., 2005) and used
these values to build up a distance matrix based on Euclidean distances. MRM analyses
were conducted using 50 000 random permutations of the rows and columns of the
dependent matrix (while keeping the other matrices fixed) in the package ecodist (Goslee
and Urban, 2007) implemented in R 3.2.3 (R Development Core Team, 2011). Sequential
Bonferroni corrections were used to adjust significance levels for simultaneous inferential
tests (Rice, 1989).
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Results

We obtained positive PCR products for six lakes located in Patagonia and Tierra del
Fuego (Musters, Posadas, Cardiel, Desierto, San Luis and Yehuin) out of a gradient of 14
lakes spanning from Patagonia to the Antarctica (Schiaffino et al., 2016). We cloned the
PCR products resulting in a total of 168 ITS sequences (593 bp). For the whole study site,
genetic diversity indices revealed a total of 18 haplotypes (h) and 20 segregating sites (S),
as well as a total haplotype (Hd) and nucleotide (1) diversity of 0.787 and 0.00364,
respectively (Table 1). Genetic diversity indices varied widely among lake populations.
Excepted for nucleotide diversity, the southernmost lake population (Yehuin), exhibited the
highest values of genetic diversity indices, followed by the northernmost (Musters) and
central (Desierto) lake populations, respectively (Table 1). The three other populations
(Posadas, Cardiel and San Luis) exhibited comparatively lower values for these indices
(Table 1). Overall, the number of haplotypes ranged from 8 to 3, the number of
segregating sites between 10 and 2, haplotype diversity between 0.879 and 0.211, and
nucleotide diversity between 0.00539 and 0.00037 (Table 1).

The haplotype network suggested that haplotypes have a geographically structured
distribution in the Argentinean Patagonia (Figure 2). Haplotype H1 was the most common
and was absent only in the southernmost lake (Yehuin). Haplotype H2 was the second
most common and was absent from the northernmost lake (Musters). Several other
haplotypes were only present at specific lakes. Particularly noteworthy were those present
in the central lake Desierto and the southernmost lake Yehuin. Four and six haplotypes

were exclusive to these lakes, respectively.

All pairwise Fst values were significant after Bonferroni correction for multiple
testing (a=0.05). Genetic divergence between all lake populations was moderate to high,
ranging between 0.154 and 0.771 (Table 2). Even geographically close lacustrine
populations, such as Yehuin and San Luis, which are ca. 50 km apart, exhibited high
genetic divergence (Table 2). The highest genetic divergence was found between the
populations of lakes Posadas and San Luis; two demes that are located in areas

geographically wide apart (ca. 770 km) (Table 2).

The Geneland analysis inferred three genetic clusters distributed across the north-
central, south-central and southernmost zones of the Argentinean Patagonia (Figure 3).
These clusters were not necessarily composed of geographically close lake populations.

The first cluster was composed of populations occurring in northern (lakes Musters and
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Posadas) and central (Cardiel) lakes. The second cluster was composed of populations
occurring in central and southern lakes (Desierto and San Luis, respectively). Finally, the

third cluster included only the population of the southernmost lake (Yehuin).

MRM analyses revealed significantly positive correlations between the genetic,
geographic and environmental distance matrices (Table 3). MRM showed that a high
proportion of the genetic differentiation observed between microalga populations is
explained by a combination of isolation by distance and isolation by environment. On the
other hand, isolation by distance explained much more variation than isolation by
environment. The coefficient of determination for geographic distances was about two
times greater than the coefficient of determination for environmental distance, suggesting
that isolation by distance explained the majority of genetic distance but that isolation by

environment also contributed significantly (Table 3).

Discussion

This study provided strong support for the hypothesis that there is population genetic
structure among lake populations of freshwater microorganisms. Contrary to what has
been predicted under a model of unlimited dispersal and gene flow (Finlay, 2002; Fenchel
and Finlay, 2004), we observed moderate to high levels of genetic diversity between
populations (Table 1). In addition, we found few common haplotypes intermixed with
several unique haplotypes (Figure 2) and moderate to high genetic differentiation among
populations (Table 2). These outcomes are clearly inconsistent with the above mentioned

model.

The populations of the microalga studied showed a moderate to high levels of
genetic divergence, with Fsr values ranging between 0.154 and 0.771. In general, Fst
values observed were higher than those reported for other genetically structured
populations of aquatic eukaryotic microorganisms, including, for instance, lake-dwelling
dinoflagellates (Fst values, 0.117-0.376; Rengefors et al., 2012) and brackish water
diatoms (Fst values, 0.109-0.286; Rynearson et al., 2006). It must be noted, however, that
the divergence values indicated for dinoflagellates and diatoms were measured on
microsatellite data and are therefore not directly comparable to our results. Because of the

high Fst values observed, we conclude that there is considerable and significant genetic
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differentiation among the populations of the microalga studied. In addition, the spatially
explicit Bayesian clustering approach (Geneland) identified three main genetically distinct
clusters in the Argentinean Patagonia (Figure 3). One cluster included the populations of
lakes Musters, Posadas and Cardiel, a second cluster included the populations of lakes
Desierto and San Luis, and a third cluster consisted only of the southernmost population
(Lake Yehuin). Taken together, these analyses suggested that there is limited dispersal

and gene flow between lake microalga populations studied.

Isolation by distance and isolation by environment

In agreement with other studies on landscape genetics (Ogden and Thorpe 2002; Crispo
et al. 2006; Thorpe et al. 2008; Lee-Yaw et al. 2009), our MRM analyses revealed that
limited gene flow between lake populations might be the result of both isolation by distance
and isolation by environment (Table 3). Recently, a simulation analysis showed that the
use of MRM is appropriate to quantify the effects of geographic and ecological isolation
when dispersal rates are low or moderate (Wang, 2013). Our analyses of genetic
population structure (Fst and geneland analyses) suggested that our model microorganism
exhibits a low to moderate dispersal and gene flow, and therefore we considered our MRM

output robust enough to support our conclusions.

The model organism of this study is included within Bathycoccaceae (Lara et al.,
unpublished data), a family comprising very small microalgae with cells ranging from 0.5 to
2.5 ym in size (Marin and Melkonian, 2010). This microalga inhabits lakes that are
influenced by a variety of natural and human dispersal vectors (e.g. migratory water birds
and sport fishermen) (Quirés and Drago, 1999) that could potentially contribute to
passively disperse their propagules towards distant freshwater bodies. Simulation
analyses (Wilkinson et al., 2012) and empirical evidence (Wilkinson, 2001; Yang et al.,
2010; Lara et al., 2011) also suggests that smaller microorganisms can be easily airborne
dispersed over large spatial scales. From a theoretical point of view, therefore, this
microalga should not have any population genetic structure as this would potentially be
erased by fast dispersal and high gene flow (Finlay, 2002; Fenchel and Finlay, 2004). In
spite of this, our analyses supported geographic isolation as an important contributor to
patterns of spatial genetic variation in populations of our model microorganism. This
contrasts with observations on marine Bathycoccaceae (Ostreococcus, Bathycoccus),

where intraspecific diversity seems to be driven by local environmental conditions rather
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than geographical distance (Demir-Hilton et al., 2011; Simmons et al., 2016). Overall, this
suggests that, at least in Bathycoccaceae, living in freshwater favours allopatric genetic

differentiation.

Possibly, geographic isolation is an important contributor to patterns of spatial
genetic variation in populations of our model microorganism because it does not have the
apropriate adaptations to travel over large distances as an active cell or under a cystic
stage. Active cells of aquatic eukaryotic microorganisms are potentially vulnerable to
dehydration during overland transport (Weisse, 2008); and we do not know if this
microalga is capable of forming a resting stage (e.g. a cyst), that could allow individuals to
survive and effectively disperse to other lakes under adverse environmental conditions.
Mantoniella, a genus contained within Mamiellophyceace can form cysts (Ellegaard et al.,
2016), suggesting that this could also be the case for some microalgae included within
Bathycoccaceae. Notwithstanding this, the viability of cysts varies widely between and
within species (Foissner, 2007), and all of them lack adaptations for air dispersal
(Foissner, 2008). Therefore, not all cysts necessarily survive under adverse conditions.
This might explain why isolation by distance frequently appears as an important contributor
to patterns of spatial genetic variation in populations of aquatic microorganisms (Casteleyn
et al., 2010; Rengefors et al., 2012; Demura et al., 2014).

Moreover, our analyses demonstrated that environmental isolation also contributed
to explain part of the differentiation among lake populations. Patagonian lakes differ
significantly in terms of their abiotic characteristics. Lakes Musters, Posadas, Cardiel and
San Luis range from mesotrophic to eutrophic, whereas lakes Desierto and Yehuin are
classified as ultraoligotrophic or oligotrophic (Quirés and Cuch, 1985; Quirés and Drago,
1999). In addition to exhibiting particular physicochemical conditions (Schiaffino et al.,
2011), these lakes also are distributed over an extensive geographical area, so they are
subjected to different climates (Paruelo et al., 1998). Consequently, patagonian lakes
represent environmentally contrasting islands surrounded by a suboptimal soil matrix that
may be potentially limiting dispersal and gene flow among populations inhabiting different
lakes via selection against dispersers (Nosil, 2004; Nosil et al., 2005). The outcome
obtained using the Geneland program is consistent with this idea: the lakes that harboured
the three identified genetic groups (see Figure 3) also exhibit affinities in their
physicochemical characteristics (Quirés and Cuch, 1985; Quirés and Drago, 1999;

Schiaffino et al., 2011). In agreement with a few previous studies (de Vargas et al., 2002;
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Rynearson et al., 2006; Harnstrém et al., 2011), we therefore conclude that isolation by
environment have an important (and often overlooked) impact on the genetic structuring of
microbial populations. This should, however, be further tested over larger scales and using

more sites and ideally more taxonomic groups.

An alternative cause of population differentiation

The large genetic differentiation observed between lake populations could also be
explained in term of the monopolization hypothesis (De Meester et al., 2002). This
hypothesis states that genetic differentiation between populations of lake-dwelling
organisms can be explained by rapid population growth and local adaptation after
historical founder effect, which result in the effective monopolization of resources (a priority
effect). Once a population is locally adapted, the presence of a large resting propagule

bank buffer against new immigrants, so enhancing priority effects.

The lakes of north central Patagonia (Musters, Posadas, Cardiel) are much older
than the lakes located in the northwest (Desierto) and the south (San Luis, Yehuin). The
north central lakes originated during the Mesozoic through tectonic processes (Vilela,
1971; Bellosi, 1995; Gonzalez Diaz and Di Tommaso, 2014), while the lakes of the
northwest and south originated during the Holocene after the retreat of the ice-sheet at the
end of the Last Glacial Maximum (Vilela, 1971; Mariazzi et al., 1987; Quiros et al., 1988).
These antecedents and our data suggest that northwestern and southern lake populations
descend of ancestral colonizers coming from the north central Patagonia. Overall,
haplotype diversity was high but nucleotide diversity was low (Table 1), suggesting recent
differentiation with rapid population growth in the Argentinean Patagonia (Grant and
Bowen, 1998; Muller, 2008; Palma et al., 2012). Also, the haplotype network (Figure 2),
revealed a few common haplotypes intermixed with several unique haplotypes mainly
restricted to the northwestern and southern lakes. Haplotype H1 was the most widespread
and abundant haplotype in the study site, and therefore, could likely be the ancestral
haplotype of this microalga. Besides having many closely related derivates and a more or
less central position in the network, this haplotype was also represented by sequences
coming from the oldest, north central lakes. Geneland analyses also identified north
central lake populations as being genetically distinct from those present in the northwest
and the south, supporting a founder effect induced by postglacial colonization in the latter

areas. Furthermore, these analyses identified the populations of Lakes Desert
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(northwestern) and San Luis (south) as a group genetically distinct from the population of
Lake Yehuin (the southernmost lake), suggesting that the founder populations of these
lakes were different. Probably, these founder populations followed rapid population growth
and local adaptation to these new and oligotrophic lakes. Therefore, as suggested by the
monopolization hypothesis, the observed genetic differentiation between populations may
also be due to biological barriers. Individuals may disperse well between lakes, but be

unable to colonize because they cannot outcompete residents.

Conclusions

This study supported the hypothesis that freshwater microalgae have genetically
structured populations. To our knowledge, this is the first study in testing this hypothesis in
a lake-dwelling microalga of South America. Genetic divergence between all lake
populations was moderate to high, even between geographically close populations. These
populations, in turn, composed three genetically and spatially distinct groups. Marine
Bathycoccaceae populations, in contrast, are known to be less influenced by distance and
more by local parameters such as light intensity. Our analyses pointed out isolation by
distance and isolation by environment as important drivers on the genetic structuring of
microbial freshwater populations, though biological mechanisms as proposed by the

monopolization hypothesis can not be ruled out.
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Table 1 Molecular diversity for the ITS region at each sampled lake in the Argentinean

Patagonia. N = sample size; h = number of haplotypes; S = number of segregating sites;

Hd = haplotype diversity; m = nucleotide diversity. Lakes are sorted from north to south.

Lake Latitude (°S) Longitude (*W) N h S Hd (+SD) m
Musters 45°33'00" 69°08'24" 36 4 5 0.610£0.05  0.00160
Posadas 47°27'00" 71°49'12" 27 3 2 0.211+£0.10  0.00037
Cardiel 48°59'24" 71°07'48" 31 3 3 0411+0.09  0.00195
Desierto 49°04'47" 72°53'01" 25 4 7 0.757 £0.04  0.00539
San Luis 53°55'19" 67°36'59" 29 3 3 0.493+0.09  0.00158
Yehuin 54°21'39" 67°46'49" 20 8 10 0.879+0.05  0.00527
Al - - 168 18 20 0.787£0.03  0.00364

Table 2 Estimates of Fsr (below diagonal) and corresponding P values (above diagonal)

based on the ITS variation between populations of the freshwater Bathycoccaceae over

the Argentinean Patagonia. All Fst values were significant after sequential Bonferroni

correction for multiple testing (a=0.05). The diagonal values are zero. Lakes are sorted

from north to south.

Musters Posadas Cardiel Desierto San Luis Yehuin
Musters - < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
Posadas 0.285 - < 0.0001 < 0.0001 < 0.0001 < 0.0001
Cardiel 0.154 0.191 - < 0.0001 < 0.0001 < 0.0001
Desierto 0.264 0.376 0.173 - < 0.0001 < 0.0001
San Luis 0.615 0.771 0.465 0.240 - < 0.0001
Yehuin 0.434 0.452 0.281 0.256 0.397 -
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Table 3 Genetic divergence between populations explained by geographic and
environmental distances. All values were significant after Bonferroni correction for multiple
testing (a=0.05).

Response distance matrix

Explanatory distance matrix R? P

Geographic + environmental distance 0.410 > 0.0001
Geographic distance 0.385 >0.0001
Environmental distance 0.177 > 0.0001
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Figure 1 Map of the study site showing the geographical distribution of the six lakes

studied in the Argentinean Patagonia, South America.
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Figure 2 Haplotype network of the Argentinean freshwater Bathycoccaceae based on
internal transcribed spacer operon sequences. Each haplotype has been identified with a
letter-number combination and resized according to its frequency. Black dots on
connecting lines indicate the number of mutational steps between haplotypes. The colours
making up each haplotype represent the lacustrine origin of the sequences that compose
it.
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Figure 3 Spatial Bayesian clustering in the program Geneland. Geneland output has been
cropped, re-scaled and superimposed on the map of the Argentinean Patagonia. Black
dots depict the studied lakes. Lighter colours indicate higher probabilities of population
membership. Contour lines indicate the spatial position of genetic discontinuities between
populations. (a) Spatial clustering suggests three distinct clusters across the Argentinean
Patagonia. Map of posterior probabilities of population membership and spatial location of
genetic discontinuities for populations of the freshwater Bathycoccaceae belonging to (b)

the north-central cluster; (c) the south-central cluster; and (d) the southernmost cluster.
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Appendix to “A lake-dwelling microalga (Bathycoccaceae) exhibits
population genetic structure among lacustrine populations due to
geographic and ecological isolation”
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SUPPLEMENTARY MATERIAL

A lake-dwelling microalga (Bathycoccaceae) exhibits population genetic structure among

lacustrine populations due to geographic and ecological isolation

Leonardo D. Fernandez'?, Cristian E. Hernandez', M. Romina Schiaffino®, Irina Izaguirre*

and Enrique Lara?

Supplementary Table S1 Environmental parameters measured at each patagonian lake

Lake

Musters Posadas Cardiel Desierto San Luis Yehuin
Latitude (°S) 4555 47.45 48.99 49.08 53.92 54.36
Longitude (°W) 69.14 71.81 71.13 72.89 67.60 67.78
Altitude (m a.s.l.) 277 160 280 506 10 169
Temperature (°C) 12.60 10.00 11.00 8.20 10.70 8.00
pH 7.84 7.84 9.30 6.90 8.10 8.00
Conductivity (uS cm™) 310 210 4360 20 313 197
OD (ppm) 9.3 9.8 10.3 11.9 10.7 11.5
SRP (ppm) 0.38 0.07 1.39 0.15 0.17 0.04
DIN (ppm) 0.23 0.05 0.10 0.14 0.08 0.14
Kd (m™) 1.153 0.089 0.232 0.123 2.060 0.405
DOC (ppm) 10.8 6.1 11.8 5.1 17.8 9.3
Chla (ug I'" 2.62 0.38 0.76 0.20 0.68 0.10
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Chapter 6: Discussion and conclusions

162



Discussion and conclusions

Gaps in knowledge

Over the last decade, several studies have shown that multicellular (plants and animals)
and unicellular (protists) eukaryotes may have similar broad-scale patterns of diversity
(Bates et al., 2013; Heger et al., 2015; Fernandez et al., 2016; Fournier et al., 2016; Lara
et al., 2016; Schiaffino et al., 2016; Wang et al., 2016) and population genetic structure
(Rynearson and Armbrust, 2004; Nagai et al., 2007; Godhe and Harnstrom, 2010;
Harnstrém et al., 2011; Sjéqvistet et al., 2015). However, despite this, it is still discussed
whether this finding might be generalized to all protists. Most studies have only
investigated these patterns in ciliates, diatoms and dinoflagellates of the Holartic region
(Fenchel and Finlay, 2003), while other protist groups and regions of the planet remain
comparatively much less studied (Haman and Kohl, 1994, Fernandez et al., 2015, Sigala
et al., 2016).

Moreover, it is still debated whether these patterns are produced and maintained
by similar causes in multicellular and unicellular eukaryotes (Foissner and Hawksworth,
2009; Fontaneto, 2011). Currently, broad-scale diversity patterns of plants and animals are
explained in terms of ecological and long-term processes (Mittelbach et al., 2007). By
contrast, broad-scale diversity patterns of protists are often only explained in terms of
ecological processes. In particular, it has been suggested that in protists, these diversity
patterns are driven by environmental factors related to the availability of water and/or
ambient energy (e.g. Bates et al., 2013; Heger et al., 2015; Lara et al., 2016; Wang et al.,
2016). While this finding represents a major contribution towards a better understanding of
the causes that underlie broad-scale diversity patterns in protists, it does not allow
determining the role played by long-term processes. Finally, few studies have explicitly
investigated the patterns and causes of population genetic structure in protists (Nagai et
al., 2007; Godhe and Harnstrém, 2010; Harnstrém et al., 2011; Sjéqvistet et al., 2015).

Contributions of this thesis

Our limited knowledge on the patterns and causes that originate and maintain broad-scale
patterns of diversity and population genetic structure in protists has limited the construction

of unifying ecological generalizations between multicellular and unicellular organisms
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(Martiny et al., 2006). In this context, this thesis represented a significant contribution

because it provided valuable information that helped to meet this need.

Chapter 1 revealed that soil testate amoeba diversity is not randomly distributed in
the Chilean territory. In continental Chile, only 11% of the species were widely distributed,
while the remaining 89% exhibited more restricted geographical distributions. The latter
species were mainly restricted to the central zone of continental Chile, which, is
characterised by regular precipitation and mild temperatures. The central zone of
continental Chile is also part of a major biodiversity hotspot, harbouring a high number of
endemic and endangered multicellular species. Consistently with this fact, central Chile
exhibited an important number of endemic testate amoeba species (ca. 10%). Given that
the occurrence of endemisms are produced and maintained by the joint influence of
ecological and long-term processes (Brown and Lomolino, 1998), this chapter suggested
that soil testate amoeba diversity and distribution might also be driven by these two

mechanisms.

Chapters 2 and 3 demonstrated that the patterns and causes of broad-scale
diversity in protists of the northern and southern hemispheres are similar to those
observed in multicellular organisms. Chapter 2 found that in southwestern South America
(Chile) soil testate amoebae have a unimodal diversity gradient with a peak of richness at
mid-latitudes, coupled with abrupt declines in richness towards lower and higher latitudes.
This unusual latitudinal gradient in diversity is also exhibited by several plants and animals
of this region (e.g. Villagran and Hinojosa, 1997; Hernandez et al., 2005; Léwenberg-Neto
et al., 2008; Samaniego and Marquet, 2009; Fuentealba et al., 2010; Bannister et al.,
2012; Lee and Riveros, 2012; Palma, 2013; Segovia et al., 2013; Parra et al., 2015).
Chapter 3 found that both well-studied and less-studied groups of soil protists
(Bacillariophyta, Cercomonadida, Ciliophora, Euglyphida and Kinetoplastida) exhibit a
decrease in richness with elevation in the Swiss lowlands and Jura Mountains. This
elevational diversity pattern has been repeatedly observed in several groups of
multicellular organisms around the world (reviewed in Rahbek, 1995, 2005; McCain, 2007,
2009, 2010). In line with other previous studies (Bates et al., 2013; Heger et al., 2015; Lara
et al., 2016; Wang et al., 2016), both chapters also found that protist diversity peaked in
sites with the warmest and wettest conditions. Complementary analyses revealed that this
common trend might stem from an ancestral adaptation of soil protists to tropical-like

conditions. Put in another way, these analyses suggested that soil protists will always be

164



more diverse in humid and warm sites just because their evolutionary history will impose
them ecophysiological constraints that will prevent most of them from colonizing cold and
hot sites. This phylogenetic conserved response to water-energy availability has proved
useful in explaining the occurrence of broad-scale diversity patterns in plants (Bryant et al.,
2008; Qian et al., 2013; Anacker et al., 2014; Ma et al., 2014) and animals (Wiens and
Donoghue, 2004; Hawkins et al., 2006; Wiens et al., 2010; Hortal et al., 2011). Therefore,
this finding provided yet another proof that the diversity of unicellular and multicellular

eukaryotes is driven by similar processes.

Finally, chapter 4 demonstrated that the pattern and causes of population genetic
structure in protists are also similar to those observed in multicellular organisms. In detail,
a lake-dwelling eukaryotic microalga showed moderate to high levels of differentiation
between lake populations distributed along the Argentinean Patagonia. Further, a spatially
explicit Bayesian clustering model grouped lake populations in three distinct genetic
unities, confirming that there was population genetic structure. A multiple regression
analysis on matrices of genetic, geographic and environmental distances revealed that
population differentiation might be the result of isolation by distance and isolation by
environment. Moreover, there was evidence supporting the idea that differentiation
between lake populations might also stem from a post-glacial (historical) founder effect in
southern Patagonia. These results confirmed that just like multicellular organisms, protist
do not have unlimited dispersal and gene flow. Also confirmed that landscape features
(including historical barriers to dispersal represented by the ice sheet of the Last Glacial

Maximum), might play an important role on their population genetic structure.

In summary, this thesis confirmed that protists also have broad-scale patterns of
diversity and population genetic structure. It also demonstrated that this finding might not
only be valid for protists of the Holarctic region, but also for those occurring in sub-
sampled regions of the planet, such as southern South America. It also showed that these
patterns are valid for both well- and less-studied groups of protists. Finally, this thesis
confirmed that in protists these patterns are produced and maintain by a combination of
ecological and long-term processes. Therefore, this thesis provided strong support for the
hypothesis that, at broad spatial scales, the patterns and underlying causes of diversity
and population genetic structure of protists are similar to those observed for multicellular
organisms. Moreover, the model organisms used in this thesis are good representatives of

the enormous diversity of trophic, morphological, locomotive, physiological and probably

165



reproductive strategies exhibited by protists. Therefore, the acceptance of this hypothesis

could be valid for a large number of eukaryotic microorganisms.

Future work

This PhD thesis contributed to determine the patterns and causes that originate and
maintain the patterns of diversity and population genetic structure in protists. Future
studies should re-assess the findings of the present research in other microbial groups and
over broader spatial scales. For instance, it would be interesting to re-assess the patterns
and causes of latitudinal gradients in protist diversity from the tropic to the poles; or the
patterns and causes of altitudinal gradients in protist diversity from the sea level to the top
of mountains subjected to different climatic contexts. It would also be enlightening to re-
assess the patterns and causes of population genetic structure in areas characterised by
strong climatic gradients and habitats with different degrees of interconnectivity. Together,
these analyses could help to better understand the relative role played by ecological and

long-term processes in shaping microbial diversity at broad-spatial scales.
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Appendix E. First records and community pattern of Arcellinida inhabiting a
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Appendix F. Variacion estacional en la comunidad de amebas testadas de

una turbera temperada del sur de Chile
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TaBLA II: Matriz de afinidad (en %) entre las diferentes estaciones del afio. Los niimeros bajo la diagonal corresponden
a las especies en comtin. Ot: otofio; Pr: primavera; Ve: verano; In: invierno.
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Figura 1: Sitio de estudio. A: Chile; B: Regién de Los Lagos. C: Sector donde se ubica la turbera de Rucapihuel.
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Appendix G. Environmental filtering and phylogenetic clustering correlate

with the distribution patterns of cryptic microeukaryotic species in peatlands
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